

  atmosphere-11-00981




atmosphere-11-00981







Atmosphere 2020, 11(9), 981; doi:10.3390/atmos11090981




Article



What Can We Learn from Comparing Glacio-Hydrological Models?



Elena Stoll 1,*,†,‡[image: Orcid], Florian Hanzer 2,3,‡[image: Orcid], Felix Oesterle 4[image: Orcid], Johanna Nemec 5[image: Orcid], Johannes Schöber 6[image: Orcid], Matthias Huttenlau 7 and Kristian Förster 8,‡[image: Orcid]





1



Department of Ecology, University of Innsbruck, 6020 Innsbruck, Austria






2



Department of Geography, University of Innsbruck, 6020 Innsbruck, Austria






3



Wegener Center for Climate and Global Change, University of Graz, 8010 Graz, Austria






4



Institute of Mountain Risk Engineering (IAN), University of Natural Resources and Life Sciences, 1190 Vienna, Austria






5



ENVEO IT GmbH, 6020 Innsbruck, Austria






6



TIWAG-Tiroler Wasserkraft AG, 6020 Innsbruck, Austria






7



ILF Consulting Engineers Austria GmbH, 6063 Rum bei Innsbruck, Austria






8



Institute of Hydrology and Water Resources Management, Leibniz Universität Hannover, 30167 Hannover, Germany









*



Correspondence: elena.stoll@uibk.ac.at






†



Formerly: alpS GmbH, 6020 Innsbruck, Austria.








‡



These authors contributed equally to this work.









Received: 19 August 2020 / Accepted: 11 September 2020 / Published: 14 September 2020



Abstract

:

Glacio-hydrological models combine both glacier and catchment hydrology modeling and are used to assess the hydrological response of high-mountain glacierized catchments to climate change. To capture the uncertainties from these model combinations, it is essential to compare the outcomes of several model entities forced with the same climate projections. For the first time, we compare the results of two completely independent glacio-hydrological models: (i) HQsim-GEM and (ii) AMUNDSEN. In contrast to prevailing studies, we use distinct glacier models and glacier initialization times. At first glance, the results achieved for future glacier states and hydrological characteristics in the Rofenache catchment in Ötztal Alps (Austria) appear to be similar and consistent, but a closer look reveals clear differences. What can be learned from this study is that low-complexity models can achieve higher accuracy in the calibration period. This is advantageous especially when data availability is weak, and priority is given to efficient computation time. Furthermore, the time and method of glacier initialization play an important role due to different data requirements. In essence, it is not possible to make conclusions about the model performance outside of the calibration period or more specifically in the future. Hence, similar to climate modeling, we suggest considering different modeling approaches when assessing future catchment discharge or glacier evolution. Especially when transferring the results to stakeholders, it is vital to transparently communicate the bandwidth of future states that come with all model results.
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1. Introduction


Future high-mountain hydrology is heavily dependent on glacier evolution (i.e., the changes of glacier characteristics over time, such as volume, elevation or length). The ongoing climate-induced mass loss of mountain glaciers affects the hydrological cycle on multiple scales [1]. In this context, glacio-hydrological modeling, the combined modeling of both glaciers and catchment hydrology, received a lot of attention in the recent past [2,3,4,5,6,7]. Glacio-hydrological models include one main process for each model component: first, glacier mass balance, the accumulation of snow and ice; second, the water balance, the storage and release of water. The “glacio” component allows changing ice-covered areas to be taken into account when modeling runoff from high-alpine glacierized catchments. Indeed, there are various approaches to model glacier retreat. Dealing with the (variable) glacier volume and area is one of the major challenges in modeling glaciers [8]. On the one hand, there are empirical methods using (i) a volume-area-scaling [9] that estimate the glacier volume based on the glacier area, or (ii) a   Δ h   approach [10], relating an integrated mass balance to changes in ice thickness (h) and glaciated area. On the other hand, sophisticated state of the art model frameworks, such as the Open Global Glacier Model OGGM [11], comprise “data downloading tools (glacier outlines, topography, climate, validation data), a preprocessing module, a mass-balance model, a distributed ice thickness estimation model, and an ice-flow model” to simulate changes in glacier geometry. However, by including glacier change data in the model chain of hydrological modeling (empirical or physical-based), the associated contribution of ice melt to the river flow can be estimated.



Various studies have attempted to simulate future runoff with glacio-hydrological models using different climate simulations and/or scenarios for the 21st century, while taking into account that the model-based projections show remarkable uncertainties from different origins [3,7,12,13,14]. Although the projected future hydrological responses to glacier mass loss are globally highly variable in space and time [15], the results of existing studies on hydrological responses of glacierized catchments across the Alps reveal the following key findings: An initial increase of water availability connected to higher temperatures and respective melt rates is expected to turn into a decrease as the glaciers dwindle. Accordingly, future runoff characteristics are assumed to shift from a prior ice melt dominated regime towards a snow melt dominated regime [5,16]. On the one hand, runoff most likely increases in spring and early summer, attributed to an earlier onset of annual snow/ice melt season; on the other hand, it appears that runoff contribution from glacier melt in the summer months decreases significantly, due to the rapid glacier retreat [3,17,18,19,20]. Thus, by the end of this century, the annual peak runoff is expected to shift from late summer to earlier months [7]. From a regional and local perspective, the future evolution of river flow is of great interest, especially the timing, magnitude and variability of the expected changes.



Although modeling the hydrological response to climate change including changing glacier variables is the main focus of several studies (e.g., [3,4,5,12,21,22,23]), only very few studies exist relating to model comparisons. Based on different climate projections, Wijngaard et al. [16] found minor differences comparing the outcome of two independent hydrological models, HBV [24,25] and HQsim [26,27], which use data of glacial extent from the same empirical glacier model by a 10-year interval. When comparing existing glacio-hydrological models, there are considerable differences in the type of complexity, the temporal and spatial resolution and the required data basis, respectively. Some are high-complexity models with long computational time associated with many input variables. Data availability in complex terrain is however a major issue. Conversely, low-complexity models with lower resolution can often manage simulations with only a few input data and are fairly simple and fast. There are broad advantages of using low-complexity models: The wide availability of air temperature data makes interpolation and forecasting possibilities relatively easy; moreover, the model implementation is time-efficient due to its simplicity and the model performance often is satisfying. A comprehensive study comparing discharge projections of various catchments using three different hydrological models to assess uncertainties of the model chain was carried out by Addor et al. [6]. The authors reveal robust regime changes under climate change by the models of different complexity. Similarly, Mackay et al. [28] compared different modeling alternatives in glacierized catchments. However, besides the fact that numerous different model components are compared, both studies [6,28] neglect to address competing hypotheses—a term suggested by Clark et al. [29]—to describe glacier evolution or more specifically changes in glacier characteristics over time. Indeed, there is a wide range of sophisticated glacio-hydrological models available in diverse types of complexity. A detailed comparison of these models is however beyond the scope of this work.



For the first time, we compare the outcome of two glacio-hydrological models, being a representative example for a wide range of existing models in terms of complexity (low vs. high). The novelty of this comparison is that we combine each hydrological model with different glacier models, as opposed to other studies that only concentrate on hydrological models. Besides separate glacier models, we also use different glacier initialization times for both model approaches (i) HQsim-GEM and (ii) AMUNDSEN. Both are forced with the same downscaled and bias-corrected climate projections for the RCPs (Representative Concentration Pathways) 2.6, 4.5, and 8.5. The first glacio-hydrological model HQsim-GEM is a coupled version of two independent models on different timescales: a low-complexity glacier evolution model (GEM) by Marzeion et al. [30] based on a temperature-index approach on a monthly resolution; and a semi-distributed hydrological model (HQsim), originally developed for operational flood forecasting, allowing a daily resolution within this context. It only requires the meteorological variables air temperature and precipitation, two components assumed to be the main drivers of glacier mass balances to simplify matters. The ability of reproducing glacier advances is the key advantage of this model setup compared to other glacio-hydrological models. Our second model, AMUNDSEN [31,32], implemented the   Δ h   method [10] to adjust glacier geometry in a more complex, physical-based approach, with a high temporal and spatial resolution. To estimate uncertainties from the input data, we use multi-model ensemble means based on different emission scenarios.



We apply the two models in the catchment of the Rofenache (Ötztal Alps, Austria), by focusing on the model comparison rather than the results itself. The Rofenache is a well-studied research catchment for which many studies have already been carried out [33]. What we want to learn from this study is how comparable are the results of two completely independent glacio-hydrological models with different resolution in time and space. The central question that motivates this paper is: What can we learn from comparing two fully independent glacio-hydrological models?



The paper is structured as follows: Section 2 introduces the study area and the meteorological, hydrological, glaciological and climatological data used for the study. Section 3 provides a short description of the two employed glacio-hydrological models including their setup for the study area. Subsequently, Section 4 contains the results of the scenario simulations in terms of changes in glacierization and hydrology, followed by a discussion of the results in Section 5 and our conclusions in Section 6.




2. Data and Methods


2.1. Catchment


The study area of the catchment Rofenache (98.1   km 2  ; Figure 1; Strasser et al. [33]) is located in the south of the Ötztal Valley. Rofenache is a headwater stream of the Ötztaler Ache, flowing into the Inn and finally contributing to the Danube system. The Ötztal Alps as part of the Alpine main ridge are situated in the Eastern Alps, in the south-west of Tyrol (Austria). This area comprises several headwater catchments within the bordering valleys, all entering the river Inn. The catchment is comprising 19 glaciers in total (year 2006; from 21 in 1969), including some of the world’s most intensively studied glaciers, such as Hintereisferner, Kesselwandferner, and Vernagtferner. The elevation ranges from the catchment’s lowest point at the gauge in Vent (1891 m a.s.l.) to the summit of Wildspitze (3772 m a.s.l.). The glacierization relative to the total area in 2006 was approximately 34% (1969: 43.6% and 1997: 37.7%), see Section 2.3. The runoff regime within this highly glacierized catchment is dominated by the snow and ice melt season during spring and summer, with a significant maximum in July and August [33]. The longest available time series of meteorological data is Vent station, located at 1891 m a.s.l. at the end of the valley, with daily recordings of temperature and precipitation since 1935 [34]. Climatological long-term averages from 1971–2000 calculated from this data reveal a mean monthly air temperature ranging from −5.5     °  C   to 10.6     °  C  . Mean annual total precipitation within this climate period is 666 mm. Maximum accumulated monthly precipitation occurred in the summer months (79 mm in July), whereas minimum average monthly precipitation appeared in winter (32 mm in February). Yearly sum of areal precipitation is approximately 1200–1500 mm [7,35]. A precipitation gradient of 4–5% per 100 m is found in [36] for this study area.




2.2. Meteorological and Hydrological Data


Long-term observations of daily air temperature and precipitation data are available for the station Vent dating back to 1935 by courtesy of the Institute of Atmospheric and Cryospheric Sciences (ACINN) [34]. Although the low-complexity model relies on air temperature and precipitation data, the high-complexity model additionally refers to relative humidity, global radiation and wind speed, see Hanzer et al. [7].



The runoff gauge in Vent is placed in the first order stream of the Rofenache operated by the Hydrographic service Tyrol, HD, see Figure 1. Daily mean values of observed runoff, which have been derived from water level measurements, were used to calibrate and validate the model. These time series have been divided into decades, showing the fluctuation of runoff within the available period. In the decadal average of the 1970s and the 1990s, summer peak discharge occurred in August, whereas this peak shifted to July within the other decades. However, the 30-year mean shows no difference between July and August runoff (not shown here). Lowest decadal average discharge could be found in 1971–1980, which is known as a period of glacier advance, as shown by [37,38].




2.3. Glacier Information Data


Past glacier survey data are available from the Austrian Glacier Inventory (AGI) for the years 1969, 1997, 2006 [39,40,41] and 2015/2016 [42]. The dataset includes glacier outlines.




2.4. Climate Simulations


Future climate simulation data are acquired from EURO-CORDEX [43,44], the European branch of the international CORDEX (Coordinated Downscaling Experiment) initiative. The ensemble members of 14 GCM-RCM combinations are used for the Representative Concentration Pathways RCP4.5, and RCP8.5 (with a high-resolution of 12.5 km-EUR-11). To include a mitigation scenario as well, we include the RCP2.6 scenario, available for three of 14 GCM-RCM combinations. The data has been used to reflect climatic changes within different climate projections and bundled together as a multi-model ensemble of each scenario. The reference climate period (1998–2011) combines data of historical (1998–2005) and projected (2006–2011) simulation runs. For the future projections we define three different climate periods from 2011–2040, 2041–2070 and 2071–2099 and compute the mean monthly runoff. The latter period only consists of 29 years, since some ensemble members simulations ended in 2099. Climate periods of the simulated runoff are compared to the observed/measured runoff data from the past period. A detailed description and analysis of the climate simulations can be found in Hanzer et al. [7].




2.5. Downscaling/Bias Correction of the Climate Simulations


The spatial resolution of the initial EURO-CORDEX data is too coarse for our model application in rugged terrain, therefore a spatial downscaling of the data was applied by using a quantile mapping approach according to Gudmundsson et al. and Thrasher et al. [45,46], respectively. This statistical transformation relates to the distribution function of each parameter (air temperature and precipitation for HQsim-GEM, and additionally relative humidity, global radiation and wind speed for AMUNDSEN) of the RCM, which is adjusted to the distribution function of the station data. In addition, an optimum scale approach was applied to find the most suitable grid points [47]. Within the study area long-term data of the weather station in Vent were available to accomplish the adjustment for HQsim-GEM, as well as several other stations for AMUNDSEN [7]. For simulations that require sub-daily forcing data, temporal disaggregation from daily to hourly resolution was performed using the disaggregation tool MELODIST [48]. A more detailed description of the preprocessing of the meteorological data can be found in Hanzer et al. [7].





3. Glacio-Hydrological Models


3.1. Overview of the Two Independent Glacio-Hydrological Models


In our study, we compare the two independent glacio-hydrological models HQsim-GEM and AMUNDSEN, which were both applied to project future changes in glacier and hydrological characteristics in the Rofenache catchment in the Ötztal Alps (Austria). Although the results achieved using AMUNDSEN are described in detail by Hanzer et al. [7], HQsim-GEM has not yet been addressed in such level of detail before. Therefore, this section includes a description of the model coupling scheme HQsim-GEM (Section 3.2.1), followed by an individual model description for each model: HQsim (Section 3.2.2), GEM (Section 3.2.3), and their combined setup (Section 3.2.4) in more detail, while AMUNDSEN is briefly introduced (Section 3.3).



Table 1 summarizes the key difference of both glacio-hydrological models in terms of different relevant characteristics. This includes spatial and temporal resolution as well as required meteorological input variables. HQsim-GEM operates at daily temporal resolution, including precipitation and temperature, while AMUNDSEN is forced by sub-daily values of precipitation, temperature, relative humidity, wind speed, and solar radiation. Special emphasis in this comparison is put on the representation of glaciers and their temporal evolution. HQsim-GEM is zero-dimensional, neglecting the actual shape of the glacier geometry. Instead, glaciers are modeled using the Volume-Area-Time-scaling approach, which relates these characteristics to each other in a meaningful way [49]. In contrast, AMUNDSEN incorporates an explicit distributed representation of glaciers in terms of their spatial extent through employing the   Δ h   approach [10].



The different types of glacier representations also affects the initialization of glaciers in both models. The modest Volume-Area-Time scaling approach is more flexible in terms of initialization, since the desired glacier state required for initialization is found through iterations of the scaling approach in order to match the observed glacier area in terms of size. This way, an initialization is even possible for 1969, for which glacier outlines have been made available for all of Austria. The explicit distributed representation of area and volume in the   Δ h   method in AMUNDSEN requires ice thickness estimates for initializing the glaciers, which restricts the initialization of the model to more recent periods, for which detailed information of the glacier volume exist. Moreover, the scaling approach in HQsim-GEM can represent glacier expansion, which is relevant for reconstructing glacier characteristics in the 1980s—a decade which has seen expanding glaciers. The   Δ h   approach instead, is not capable of representing this expansion, which is why its application is limited to periods of glacier shrinkage.




3.2. HQsim-GEM Model Coupling


3.2.1. Model Coupling Strategy


We coupled the two independent models, namely the semi-distributed hydrological model HQsim (Section 3.2.2) and a glacier evolution model [30] referred to as GEM (Section 3.2.3). As depicted in the scheme of working processes in Figure 2. For the two-way coupling of the semi-distributed hydrological model HQsim and the glacier evolution model GEM three main steps are required:




	
First (‘static’) model run of HQsim: Input data include daily minimum, maximum and mean air temperature as well as precipitation from either measured meteorological data or downscaled EURO-CORDEX climate data referred to the closest station, and the AGI information data to initialize the model in 1969, for a constant glacier simulation run.




	
Air temperature and precipitation data are adjusted to account for altitudinal differences between the station and the locations of the glaciers.



	
HQsim converts daily air temperature and precipitation for each glacier to monthly values. These time series are used to force GEM in a subsequent step.








	
Coupling with the GEM: Running the GEM with input data delivered from the first HQsim run. Characteristics such as glacier area and terminus height are calculated for each year and transferred back to HQsim to account for glacier changes.



	
Second (‘dynamic’) model run of HQsim: In a second HQsim run, dynamical glacier changes data provided by the GEM are updated each glaciological year (in September). Glacierized Hydrological Response Units (Section 3.2.2) are updated in terms of spatial extent and mean elevation (through updated terminus height). This way, updated calculations of hydrological quantities (like total runoff and glacier melt, etc.) are considered in this second iteration, complementing the model coupling scheme.








Both HQsim and GEM are briefly introduced in the following sections.




3.2.2. Model Description of HQsim


HQsim is a deterministic semi-distributed hydrological modeling system for the meso-scale, which has been developed on the basis of the BROOK model [50] for water balance simulations in small mountainous head catchments [26]. At present, the model is applied for flood forecasting of tributaries in the Inn River catchment in the Austrian federal state of Tyrol [51,52] and flood risk related studies [27]. Following the semi-distributed concept, the catchment is subdivided into hydrological response units (HRU), which summarize areas of similar hydrological response, and channel segments. Runoff generation and runoff concentration are calculated for each HRU independently incorporating the most relevant hydrological processes.



Most approaches are conceptual and parsimonious with respect to data demand enabling simulations in data sparse regions. In contrast to the model applications for flood prediction, some modifications tailored to this study have been introduced [14]. The potential evapotranspiration is calculated according to the simplified but physics-based approach after Priestly and Taylor [53,54]. Global radiation is estimated based on minimum and maximum temperature using the Bristow and Campbell method [55], which is also relevant for snowmelt computations. Although the standard version of HQsim employs a simple temperature-index model, a more advanced scheme, adopted from Walter et al. [56] is utilized here. It is a simplified energy balance approach that also benefits from the approximation of shortwave radiation using minimum and maximum temperature. In a model inter-comparison study [57], it demonstrated a similar model skill like the more complex energy balance methods ESCIMO [58,59], which is a point-scale version of AMUNDSEN [31] (see, Section 3.3), and the Utah Energy Balance Model [60]. First, snow is accumulated if the temperature falls below a user-defined temperature threshold. Melt is computed solving the energy balance equation, which consists of simple approximations of the turbulent fluxes [56]. The snow albedo needs to be parameterized, assuming a time-dependent decay similar to ESCIMO. Likewise, albedo values need to be defined for glacierized HRUs to compute firn and ice melt, respectively. In the snowpack, liquid water storage, cold content and variable density are also accounted for in a simplified way.



Leaf Area Index (LAI) dependent interception is simulated according to the method used in the BROOK model [50]. The inter- and intra-annual course of the LAI is dynamically calculated using weather data [61]. This is also relevant to adjust the interception capacity in the vegetation season, whereby snow and rain interception is computed using a bucket approach [62]. Subsequently, the simulation of infiltration and surface runoff is based on a simple contributing area approach, which is dependent on volumetric soil moisture. The soil is divided into two storages including a top layer. HQsim includes a simplified soil water balance approach, which builds upon the work of van Genuchten [63]. Actual evapotranspiration depends on the available soil moisture and the LAI. Water fluxes are derived according to the van Genuchten–Mualem method, which is applied for interflow and seepage calculation. These values depend on hydraulic conductivity, which itself is a function of saturated hydraulic conductivity (a model parameter). The latter flux is the inflow to the groundwater storage, which is simply represented using a linear reservoir approach. For simulating water fluxes in the soil, a numerical scheme is applied, which solves the water balance equation for sub-time steps for reasons of numerical stability.



Runoff concentration is calculated assuming a time-area diagram. A sub-time step method similar to the solution of the soil water balance is used for calculating river reach routing in channel segments, using a non-linear storage approach which is based on velocity calculations [64].




3.2.3. Model Description of GEM


The glacier evolution model (GEM) developed by Marzeion et al. [30] was used to reconstruct and project glacier surface mass-balance data on a global scale in order to assess past and future sea-level rise. The mass-balance model is based on a zero-dimensional, statistical approach, including simple assumptions for reproducing glacier geometry changes, such as glacier area and terminus height. As this model is simple with respect to input data and works with monthly climatological air temperature and precipitation data, it is widely and easily applicable. The GEM extracts monthly anomalies of air temperature and precipitation relative to the 1961–1990 mean from the input series. These anomalies are added to 1961–1990 climatology of the Climate Research Unit CRU dataset (CRU CL 2.0 [65], provided in 10’ latitude/longitude resolution) on which the model was calibrated. Data is always taken from the grid point closest to the glacier.



Annual specific surface mass balances for each individual glacier are calculated using the area-related mean solid precipitation fallen onto the glacier surface and the mean air temperature of the glacier’s terminus. Monthly anomalies of both variables are added to the CRU climatology data. Glacier variables, such as area, volume, length and terminus height can be derived from the modeled mass balances by using the volume-area-time scaling approach [9,49]. Glacier specific parameters such as the temperature sensitivity of the glacier and a bias correction factor are computed for glaciers for which mass-balance observations exist. For glaciers without observations, a regionalization approach to transfer parameters is applied [30]. Glacier initialization is performed through iterative runs minimizing differences in predicted and observed glaciated area. A more detailed description of the model is available in Marzeion et al. [30].




3.2.4. Setup of the Coupled Model for the Rofenache Catchment


First, HRUs are delineated using a script that automatically calls GIS functionalities, taking into consideration the following terrain characteristics, which are grouped in each watershed: (i) Elevation, (ii) aspect, (iii) soil type, and (iv) land-use including maximum glacier extent. The latter is derived from the 1969 glacier outlines using a buffer to account for the increased extent in the 1980s. Each glacier outline is linked via a unique id to the corresponding glacier in GEM. This id is used internally to organize the data exchange between the individual steps described in Section 3. The total number of HRUs obtained by this approach amounts to 70. Finally, according to the terrain characteristics, each HRU is connected to a downstream reach element (17 in total) and from the geometric dimensions of the flow path, the travel time is computed using an empirical, slope-dependent travel time formula.



The coupled hydrological model (i.e., the ‘dynamic’ run from Section 3), forced by meteorological data from the Vent station in the catchment only, was calibrated and validated for the basin Rofenache by comparing runoff observations with the modeled runoff on daily basis, and monthly mean, respectively. Since the ‘dynamic’ run is considered, the modeled runoff takes into account dynamical glacier areas, computed by GEM. The only values adjusted in the calibration step are the albedo values for snow (i.e., the value for fresh snow), firn, and ice. Other parameters, especially those for the other hydrological processes (e.g., soil water) are set to default values, which were found to be suitable in earlier studies [16,66]. GEM is not calibrated at this stage. Instead, the parameterization from the global run [30] is used here without any other adjustment. This also involves the interpolation of parameters to glaciers without mass-balance observations as described by Marzeion et al. [30], making the coupled modeling approach transferable in a way that only requires the calibration of the hydrological model component. Consequently, we split the time series in two parts [67], with each first year being the model warm-up: 1971–1990 for calibration and 1991–2010 for validation. How well the model reproduces observed daily discharge data is assessed by using several skill scores, such as the Nash–Sutcliffe efficiency (NSE) and the Benchmark efficiency (BE) which is less sensitive to model skill inherent in climatology [68], the percent bias (PBIAS) and the root mean square error (RMSE). For example, NSE and BE values range between   − ∞   and 1. The latter would indicate a ‘perfect model’, suggesting a perfect match of simulated and observed data. A value of zero indicates a model performance not better than the use of an average value of the observed data. Values below zero indicate that the model application is questionable, since the observed mean in this case is a better predictor. Low absolute PBIAS and RMSE values are commonly assumed to reveal satisfactory model performance [69]. However, the calculated skill scores show a good performance of the low-complexity HQsim-GEM model, see Table 2. Specific model parameters are shown in Table 3.





3.3. AMUNDSEN


AMUNDSEN [31,32] is a fully distributed hydroclimatological model specifically designed for the application in high-mountain regions. As it resolves the full snow and ice surface energy and mass balance, time series of air temperature, precipitation, relative humidity, global radiation and wind speed in hourly to three-hourly resolution are required. The meteorological point data are interpolated to the model grid (with a resolution typically in the range of 10–1000 m) using a combined lapse rate–inverse distance weighting approach. Catchment discharge is calculated using a linear reservoir cascade approach with distinct reservoirs for snow on glaciers, firn, bare ice, snow outside of glaciers and soil. For the application in glacierized regions, a glacier geometry update module based on the   Δ h   method [10] has been implemented. With this method, the ice thickness distribution of each glacier is updated annually based on the simulated surface mass balance and previous observed thickness changes. Specific parameters can be found in Table 3. For further details on the AMUNDSEN model and the setup of the model for the study region we refer to Hanzer et al. [7,32].



For the present study, the setup from Hanzer et al. [7] was used, i.e., a spatial and temporal resolution of 100 m and 3 h, respectively. Glaciers were initialized with distributed ice thicknesses calculated using the glacier outlines from 1997 with the approach by Huss and Farinotti [70]. The bias-corrected meteorological time series from the EURO-CORDEX simulations were temporally disaggregated from their original daily resolution to the three-hourly model resolution using the disaggregation tool MELODIST [48].



The linear reservoir cascade model was calibrated using the runoff observations for the period 1998–2006 and validated for the period 2007–2013. Table 2 shows the resulting skill scores based on daily runoff data. For the AMUNDSEN simulations, both results acquired using observed hourly meteorological data (denoted as AMUNDSEN (original) in Table 2) as well as—to be consistent with the subsequent scenario simulations—aggregated-and-disaggregated data (i.e., the hourly data were first aggregated to daily values and subsequently disaggregated again to hourly values using the same methods as applied for the EURO-CORDEX data) are shown. Hence, the rather unsatisfactory performance of the runoff simulations in this case is not due to a model deficiency, but rather due to the necessary temporal disaggregation of the meteorological driving data. When driven with the original hourly meteorological observations, the multilevel validation of the AMUNDSEN simulations yields a very high overall model performance (see Table 2 and [32]).





4. Results


4.1. Downscaling/Bias Correction of Climate Simulations


Both glacio-hydrological models were forced with the spatially and temporally (AMUNDSEN) downscaled (point-scale station Vent in HQsim) and bias-corrected EURO-CORDEX emission scenarios RCP 2.6, RCP 4.5, and RCP 8.5. In Figure 3, the evolution for both (i) the annual mean of air temperature and (ii) the yearly sum of precipitation is depicted, showing a future evolution of the multi-model ensemble mean including a 11-year centered moving average for each scenario and uncertainties covering the total bandwidth of all ensemble members within the 95% confidence interval. Air temperature rise is most pronounced for the worst-case scenario RCP 8.5, whereas RCP 4.5 will very likely suggest an increase in temperature, and RCP 2.6 (which is the closest to the 2015 Paris agreement) is projected to stabilize during the second half of the 21st century. Multi-model projections of annual precipitation sums under the RCP 2.6 scenario have a vast bandwidth, showing a marked divergence between the three ensemble members, making general statements difficult. RCP 4.5 and RCP 8.5 tend to evolve similarly, except for the period between 2040 and 2050. RCP 8.5 is assumed to have a greater amount of precipitation sums, especially for winter precipitation, see Hanzer et al. [7] for a more detailed information on projected seasonal changes for both variables.




4.2. Comparison of Model Results


4.2.1. Glacierization


Figure 4 shows the results for the catchment glacierization from our two glacio-hydrological models, (i) HQsim-GEM (left sub-figures), and (ii) AMUNDSEN (right sub-figures). In the top row only the three GCM-RCM combinations which are available for all three RCPs are shown, in the middle row all GCM-RCM combinations (i.e., three for RCP 2.6 and 14 each for RCP 4.5 and 8.5), and in the bottom row the same but with the uncertainty (95% confidence interval) shown as shaded bands instead of the individual model realizations. The result of each sub-figure is based on EURO-CORDEX data, showing a multi-model ensemble mean (thick lines) and single GCM-RCM combinations (thin lines) for historical climate simulations (before 2006) and climate scenarios (starting in 2006). The model results before 2006 are based on historical climate simulation data from 1969–2005 for all GCM-RCM combinations (black thin lines), and the multi-model ensemble mean (black thick lines). Please note that both models have different starting points depending on the year of glacier initialization (1969 for GEM, 1997 for AMUNDSEN).



The ability of the GEM model to reproduce glacier advances is one key advantage compared to the   Δ h   approach implemented in AMUNDSEN. Especially during the 1970s and 1980s advancing glaciers are simulated for some GCM-RCM combinations, which is consistent with observations [37,38]. Measured AGI data (yellow triangles) in 1969 and 1997 were used as initial data for the different glacier models, whereas 1997, 2006 and 2015 serve to evaluate modeled glacier area data. When including all ensemble members for RCP 4.5 and RCP 8.5 the model outputs of GEM fit very well with the observation values. AMUNDSEN model results as well as the RCP 2.6 run of GEM are slightly overestimated. The latter might be attributed to the small number of ensemble members. Beyond that, uncertainties reveal a greater spread with less members.



The overall results of the ensemble mean over the coming decades seem to be more optimistic for the GEM. Following approximate values show the glacierization by the end of this century of GEM vs. AMUNDSEN: 20% vs. 9% for RCP 2.6; 12% vs. 5% for RCP 4.5; and 5% vs. 2% for RCP 8.5. Consequently, a general rapid retreat of all glacier areas within the study area will continue within the next decades, independent of the chosen scenario. In the second half of this century glaciers might start to respond on today’s mitigation against climate change, since they react very slowly to changing climatic conditions [71]. In case of the most extreme scenario RCP 8.5 almost all the glaciers within the Rofenache catchment will have disappeared by the end of this century. Consequently, glaciers in highly ice-covered catchments might very likely sustain only at high altitude, leading to almost completely ice free low glacierized elevation bands [5,15,72,73].




4.2.2. Runoff Regimes


Past and future river discharge estimates for the catchment Rofenache are shown in Figure 5 for both glacio-hydrological model runs HQsim-GEM (left column) and AMUNDSEN (right column) under the different emission scenarios RCP 2.6 (top row), RCP 4.5 (middle row) and RCP 8.5 (bottom row). These results represent monthly multi-model ensemble means for both (i) total runoff (solid lines), and (ii) ice melt (dashed lines) for three different future climate periods (colored lines). Additionally, observed runoff during the period 1998–2011 (grey lines) and the corresponding simulation results based on historical climate data (black lines) are shown.



At first glance, all model outputs for the past (black and grey) and current/future climate periods show a runoff regime as expected for glacier-fed rivers; low flow during winter and high flow during spring and summer associated with the melt season. Peak flow in the end of summer is a typical characteristic of high-alpine glacierized watersheds, such as the Rofenache catchment [72]. A closer view reveals a shift of runoff characteristics from a glacial/glacio-nival regime (runoff peak in July) towards a nivo-glacial regime (runoff peak in June), and a decreasing contribution of ice melt to the streamflow. The simulation run of the historical data fits very well with the total runoff observation data for the HQsim-GEM model combination, while for the AMUNDSEN model runoff volumes are subject to a certain overestimation especially during spring, which can be attributed to the necessary temporal disaggregation of the meteorological time series (see also Section 3.3 and Table 2). Furthermore, this high-complex model is able to capture more detailed processes (e.g., ice thickness), which is why the uncertainties inherent in disaggregation might lead to significant differences in estimating discharge volumes during the summer season. As a further consequence of this, the regime shift can be found in earlier time periods (RCP 4.5 and RCP 8.5, 2041–2070 and 2071–2099), as well as an earlier onset of the snow and ice melt season (March). In contrast to the low-complexity model, HQsim-GEM, the melt season starts in April, and the regime shift appears only in the last climate period of the ‘worst-case’ scenario. The estimated contribution of ice melt to river streamflow depends on the respective modeled glacier area. By the end of the century, this contribution of ice melt seems almost twice as high for the low-complexity model compared to the physical-based model results, which shows a vanishingly small proportion of glacier meltwater. However, with the ongoing glacier retreat, it is not surprising that both model outputs show a decreasing trend of future annual total runoff in the late summer months (July–September).



Moreover, both model data suggest the moment of peak discharge (tipping point) being in the recent past. This reinforces the assertion of other local studies that peak water in some catchments within the European Alps has already passed [15,74,75].






5. Discussion


Generally, modeling glacio-hydrological processes is always a simplification of reality. Thus, regardless of the model complexity used, future projections of discharge and glacier evolution are rather an approximation than a reliable quantification. To assess uncertainties from modeling processes, it seems essential to analyze the results of several independent model structures. However, the Rofenache catchment is a well-studied area [33], which has led us to focus on the comparison of the model results rather than the results itself. For the first time we compare the results of two independent, completely different glacio-hydrological models that are based on separate glacier models (GEM, [30];   Δ h   approach, [10]) with different years of initialization (1969 and 1997). Furthermore, the models show considerable differences in the type of complexity (physical-based vs. empirical approach), the temporal and spatial resolution and the associated data requirements. We follow up on the study of Addor et al. [6], who addressed uncertainties from modeling future discharge projections using three different hydrological models while however using glacier data from the same glacier model for all simulations. In contrast to this study, we emphasize that various glacier models very likely might have a distinct influence on changes of hydrological regime changes. By using two different glacier models, we obtain two completely independent glacio-hydrological model results.



Past glacierization is reproduced very well by both modeling approaches. However, the sparser data requirements by the HQsim-GEM approach along with the ability to simulate glacier advances allows the initialization of the simulations already in 1969, while for AMUNDSEN the simulations start in 1997. This model feature of advancing glaciers, along with possibly overestimated spring melt rates in AMUNDSEN due to the employed disaggregation methods, leads to more optimistic future estimations of glacier retreat by the low-complexity glacio-hydrological model combination HQsim-GEM. Consequently, it is not surprising that future discharge volume estimations between both models appear slightly different, since runoff data are dependent from the glacier model input data. Therefore, the contribution of ice melt from the AMUNDSEN model appears vanishingly low as response to the more pronounced glacier retreat by the end of this century. Having two different dates of initialization might also play an important role, since different initializations in the past might lead to the same present glacier state [76]. Despite the varying estimation of future glacierization and total runoff between the two glacio-hydrological models, the overall results are consistent and some main findings, which are more or less pronounced for each emission scenario and which are in accordance with [1,72,77,78], can be summarized: First, runoff characteristics seem to shift from a prior ice melt dominated regime towards a snow melt dominated regime characterized by an earlier onset of the snow and ice melt season and lower ice volume; second, future discharge volumes show a decreasing trend of ice melt contribution, indeed, annual discharge volumes seem not to change considerably until the second half of the century due to stable projections of annual precipitation sums. In summary, high-alpine catchments being extremely sensitive and vulnerable to climate warming. Even without further temperature increases, these projected trends in glacierization and runoff regime changes will persist over the coming decades due to the delayed reaction of glaciers to past climatic changes [79,80].



What can be learned from this study is that low-complexity models can achieve higher accuracy at least in the calibration period. However, it is not clear if this also applies to future periods. Models with lower complexity are advantageous especially when data availability is weak and priority is given to efficient computation time. On the contrary, high-complexity models allow for a much more detailed investigation of the involved processes, including the addition of new parameters to improve the simulation with the consequence of possibly increasing uncertainties.




6. Conclusions


In this study, we focus on what we learn from comparing glacio-hydrological models. To our best knowledge, existing studies are limited to compare different hydrological models processing glacier input data from the same model origin. For this purpose, we compare two model combinations that are fully independent—except for the model input—covering low and high complexity. We use separate glacier models with different initialization times to model the hydrological response to climate change based on different emission scenarios. Overall results show roughly similar outcomes, but in detail major differences. The time and method of glacier initialization might play an important role on the simulation outcome, as well as the type of complexity. Even though the HQsim-GEM showed slightly better model skill in the calibration period, it is not clear if it also better predicts future states.



Hence, it is not possible to make conclusions which model will perform better outside of the calibration period, since this is heavily dependent on the research question and the time resolution desired. As future projections always deliver an approximation rather than an exact value, we propose considering results from different glacio-hydrological model combinations, since most likely each model setup provides a different outcome. More recently, the highly sophisticated model framework OGGM [11], a comprehensive expansion of the GEM model, can simulate glacier geometry. Therefore, coupling this framework with the physical-based hydrological model WaSiM [81,82] is part of ongoing research, which serves as another independent hypothesis to describe glacio-hydrological processes. Even though we only compare two different approaches in the current study, we suggest considering different modelling approaches when assessing future catchment discharge or glacier evolution. Especially when transferring the results to stakeholders, it is vital to transparently communicate the bandwidths of future states that come with all model results.
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	BE
	Benchmark efficiency
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	Glacier Evolution Model
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	HQ (high flow Q) simulation



	HRU
	Hydrological Response Unit



	LAI
	Leaf Area Index



	MELODIST
	MEteoroLOgical observation time series DISaggregation Tool
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	Nash–Sutcliffe efficiency



	OGGM
	Open Global Glacier Model



	PBIAS
	Percent bias



	RCM
	Regional Climate Model



	RCP
	Representative Concentration Pathway



	RMSE
	Root Mean Square Error
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Table A1. Skill measures used throughout the manuscript. Time series of observed   q obs   and modeled   q sim   quantities, each consisting of N values, are considered for all time steps t, whereby    q ¯  obs   represents the mean observed values and   q bench   is a long-term average computed for the day of the year corresponding to time step i, respectively.






Table A1. Skill measures used throughout the manuscript. Time series of observed   q obs   and modeled   q sim   quantities, each consisting of N values, are considered for all time steps t, whereby    q ¯  obs   represents the mean observed values and   q bench   is a long-term average computed for the day of the year corresponding to time step i, respectively.





	Skill Measure
	Formula





	Nash–Sutcliffe model efficiency
	   NSE = 1 −     ∑  i = 1  N      q  obs , i   −  q  sim , i    2      ∑  i = 1  N      q  obs , i   −   q ¯  obs   2      



	Benchmark Nash–Sutcliffe model efficiency [68]
	   BE = 1 −     ∑  i = 1  N      q  obs , i   −  q  sim , i    2      ∑  i = 1  N      q  obs , i   −  q  bench , i    2      



	Percent Bias
	   PBIAS = 100 % ·     ∑  i = 1  N     q  sim , i   −  q  obs , i        ∑  i = 1  N    q  obs , i       



	Root Mean Square Error
	   RMSE =    1 N    ∑  i = 1  N     (  q  sim , i   −  q  obs , i   )  2      
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Figure 1. Map of the Rofenache catchment including glacierized areas and the locations of the runoff gauge and the meteorological station in Vent. 






Figure 1. Map of the Rofenache catchment including glacierized areas and the locations of the runoff gauge and the meteorological station in Vent.



[image: Atmosphere 11 00981 g001]







[image: Atmosphere 11 00981 g002 550] 





Figure 2. Flow chart of data and models. 
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Figure 3. Future multi-model ensemble mean projections of (i) annual mean air temperature and (ii) annual sum of precipitation by using a centered 11-year moving average (both parameters refer to the entire catchment area of the upper Ötztal). Shadows display the full range of the ensembles within the 95% confidence interval. 
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Figure 4. Results for the catchment glacierization from the two glacio-hydrological models HQsim-GEM (left sub-figures) and AMUNDSEN (right sub-figures). The top row shows only the three GCM-RCM combinations which are available for all three RCPs, the middle row all GCM-RCM combinations (i.e., three for RCP 2.6 and 14 each for RCP 4.5 and 8.5), and the bottom row the same but with the uncertainty (95% confidence interval) shown as shaded bands instead of the individual model realizations. 
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Figure 5. Simulated runoff for HQsim-GEM (left) and AMUNDSEN (right) under the different emission scenarios RCP 2.6 (top), RCP 4.5 (middle) and RCP 8.5 (bottom). Lines represent monthly multi-model ensemble means for total runoff (solid lines) and ice melt (dashed lines) for three different future climate periods (colored lines). Grey and black lines correspond to observed runoff during the period 1998–2011 (grey) and the corresponding simulation results (black). 
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Table 1. Overview of the two glacio-hydrological models HQsim-GEM and AMUNDSEN.
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	HQsim-GEM
	AMUNDSEN





	Time resolution
	daily (HQsim),

monthly (GEM)
	3 h



	Spatial resolution
	HRU (≈1.4 km   2  )
	100 m



	Input variables
	minimum air temperature,

maximum air temperature,

precipitation

(Vent meteo station only)
	mean air temperature,

precipitation,

relative humidity,

global radiation,

wind speed



	Glacier model
	GEM [30]
	  Δ h   [10]



	Glacier representation
	0-D
	2-D



	Glacier initialization
	area,

height of the glacier tongue
	distributed ice thickness



	Glacier initialization time
	1969
	1997



	Glacier geometry update
	Volume-area-time scale
	elevation-dependent

surface elevation change



	Snow and ice melt
	simplified energy balance
	full energy balance



	Calibration period
	1971–1990 (HQsim)
	1998–2006



	Validation period
	1991–2010 (HQsim)
	2007–2013



	Key advantages
	low data requirement,

efficient computational time,

allows glacier advances
	explicit ice thickness

representation



	Key limitations
	neglects actual glacier extent

(in terms of shape)
	cannot account for glacier

expansion
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Table 2. Skill scores (Nash–Sutcliffe efficiency NSE, benchmark efficiency BE, percent bias PBIAS and root mean square error RMSE, see Table A1) of the calibration and validation of the Rofenache catchment, based on daily runoff data. Calibration and validation periods for the HQsim-GEM model are 1971–1990 and 1991–2010 (note that the first year of each period is the model warm-up) and for the AMUNDSEN model 1998–2006 and 2007–2013.
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	Model
	
	NSE

   [ − ]   
	BE

   [ − ]   
	PBIAS

   [ % ]   
	RMSE

   [  m 3  / s ]   





	HQsim-GEM
	Calibration
	0.86
	0.48
	3.38
	2.14



	
	Validation
	0.90
	0.60
	1.64
	2.03



	AMUNDSEN
	Calibration
	0.93
	0.70
	8.27
	1.78



	(original)
	Validation
	0.87
	0.42
	19.24
	2.42



	AMUNDSEN
	Calibration
	0.78
	0.12
	23.54
	3.05



	(disaggregated)
	Validation
	0.72
	−0.21
	28.04
	3.49
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Table 3. Specific model parameters of both glacio-hydrological models HQsim and AMUNDSEN. Calibrated parameters are italic and bold. Model parameters for the glacier model GEM are identical to those in Marzeion et al. [30].
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	Parameter
	
	HQsim
	AMUNDSEN





	Temperature gradient
	[K/m]
	0.0065
	0.0038–0.0068



	Lower temperature threshold
	(snow/rain)
	0.0
	2



	Upper temperature threshold
	(snow/rain)
	2.0
	2



	Precipitation gradient
	[L/m]
	0.00043
	0.0005–0.001



	Snow albedo
	
	0.9
	0.55–0.85



	Firn albedo
	
	0.6
	0.4



	Ice albedo
	
	0.2
	0.2
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