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Abstract

:

The contribution to sea level rise from Patagonian icefields is one of the largest mass losses outside the large ice sheets of Antarctica and Greenland. However, only a few studies have provided large-scale assessments in a spatially detailed way to address the reaction of individual glaciers in Patagonia and hence to better understand and explain the underlying processes. In this work, we use repeat radar interferometric measurements of the German TerraSAR-X-Add-on for Digital Elevation Measurements (TanDEM-X) satellite constellation between 2011/12 and 2016 together with the digital elevation model from the Shuttle Radar Topography Mission (SRTM) in 2000 in order to derive surface elevation and mass changes of the Southern Patagonia Icefield (SPI). Our results reveal a mass loss rate of −11.84 ± 3.3 Gt·a−1 (corresponding to 0.033 ± 0.009 mm·a−1 sea level rise) for an area of 12573 km2 in the period 2000–2015/16. This equals a specific glacier mass balance of −0.941 ± 0.19 m w.e.·a−1 for the whole SPI. These values are comparable with previous estimates since the 1970s, but a magnitude larger than mass change rates reported since the Little Ice Age. The spatial pattern reveals that not all glaciers respond similarly to changes and that various factors need to be considered in order to explain the observed changes. Our multi-temporal coverage of the southern part of the SPI (south of 50.3° S) shows that the mean elevation change rates do not vary significantly over time below the equilibrium line. However, we see indications for more positive mass balances due to possible precipitation increase in 2014 and 2015. We conclude that bi-static radar interferometry is a suitable tool to accurately measure glacier volume and mass changes in frequently cloudy regions. We recommend regular repeat TanDEM-X acquisitions to be scheduled for the maximum summer melt extent in order to minimize the effects of radar signal penetration and to increase product quality.
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1. Introduction


The Andes in Patagonia form a major obstacle for the southern hemisphere westerlies. Moist air masses from the Pacific Ocean nourish the glaciers and icefields of the Patagonian Andes [1]. The largest of these ice bodies is the Southern Patagonia Icefield (SPI) covering ~13,500 km2 in 1944/1945 [2], measured to a reduced ~13,000 km2 in a 1986 Landsat TM mosaic [3], used for the first glacier inventory (1992) [4,5]. Several studies have reported a continuous retreat and thinning of its outlet glaciers causing one of the largest contributions to sea level rise outside the large ice sheets [6,7,8]. Davies and Glasser [9] showed that mass loss rates of Patagonian glaciers in the 21st century are about a magnitude larger when compared to those of the period since the Little Ice Age to today. Still, there are considerable uncertainties about the absolute mass change rates, the processes driving those changes and how they vary over time. Additionally, there is only limited knowledge about the regional climate conditions and their changes. Only very few surface mass balance measurements exist (e.g., [10,11,12]) and modeling attempts are also very limited (e.g., [13,14]).



Modern remote sensing technologies offer the potential to cover large areas and to provide glacier mass balance estimates for entire regions. Time series from the Gravity Recovery and Climate Experiment satellite (GRACE) revealed mass changes between 23 and 29 Gt·a−1 for the southern Andes. However, the measured gravity signal is also strongly influenced by the mass changes due to glacio-isostatic adjustments. For Patagonia, rates of up to 41 mm·a−1 have been reported close to the SPI [15,16]. Moreover, the integrated GRACE signal cannot resolve individual glacier catchments. Satellite radar and laser altimetry techniques are not optimal for Patagonia due to the large footprint (radar) or frequent cloud coverage (laser). Similar difficulties exist for optical satellite imagery and photogrammetric approaches. Synthetic aperture radar (SAR) imagery is not affected by clouds and interferometric techniques allow the repeated derivation of surface elevation. In February 2000, the SRTM acquired a global baseline digital elevation model (DEM) by bi-static SAR interferometry between 56° S and 60° N, to which subsequent measurements can be compared.



In this study, we aim at (1) measuring elevation and mass changes of the entire SPI between 2000 and 2015/16 using DEMs from the TanDEM-X and SRTM missions and (2) investigating possible seasonal or annual changes of the elevation for the southern tip of the SPI using repeat TanDEM-X acquisitions between 2012 and 2016.



Study Site


The Southern Patagonian Icefield stretches from 49.5° to 51.5° S along the 73.5° W meridian (Figure 1). The accumulation zone of the icefield is reported for elevations ranging between 670 m to 3540 m a.s.l. [17] and comprises 48 major outlet glaciers [4], with a total of 139 outlet glaciers draining either into the sea (west coast) or into freshwater lakes (east side).





2. Materials and Methods


2.1. Data


From 11–22 February 2000, the Shuttle Radar Topography Mission of the National Aeronautics and Space Administration (NASA) acquired a near global data coverage outside the polar regions with a bi-static C-band SAR interferometer [18]. We used the void-filled LP DAAC NASA Version 3 SRTM DEM with a ground resolution of 1 arcsecond, resampled to the local UTM zone 18S as reference dataset. DEMs of subsequent dates were derived from data of the satellite constellation of the ongoing TerraSAR-X and TanDEM-X (further referred to as TDX) missions. The two satellites, operated jointly by the German Aerospace Center (DLR) and ASTRIUM Defense and Space GmbH, fly in a close helix orbit formation. As such, they form a bi-static or pursuit monostatic SAR interferometer with both satellites acquiring data. The system has a swath width of 30 km and enables a ground resolution of 0.4 arcsecond. The TDX constellation is acquiring data since 2010 [19]. The datasets are provided as a pair of Single Look Complex scenes of an average scan-time of seven seconds in along-track direction. To cover our study area, multiple scenes along track and across orbits had to be mosaicked (see Supplementary Materials Figure S1). Table 1 summarizes the major characteristics of the TDX data sets used. For the total coverage of the SPI in the austral summer 2015/16 we used 23 scenes. For the southern tip of SPI a repeat coverage was available, consisting of 4/4–5 scenes from two relative orbits (summer 2011/12, autumn 2014, winter 2016) and seven scenes from three relative orbits (summer 2015/16) (see Supplementary Materials Figure S1). All data was acquired in descending path direction and with similar incident angles facilitating comparable viewing geometries.



We used optical satellite data to derive raster masks for the DEM post-processing and to refine the glacier catchments of the Randolph Glacier Inventory Version 5.0 [20]. The respective Landsat-5 and Landsat-8 data is listed in supplemental Table S1. Data was chosen as a trade-off between most adequate acquisition date and minimum cloud cover.




2.2. Dataprocessing for DEM Production


2.2.1. Interferometric Processing


We used a differential SAR interferometric approach to generate DEMs out of bi-static TDX image pairs [21,22]. In a first step all scenes along one track and of one date were concatenated. A simulated topographic phase was created from the reference DEM (SRTM) using the geometric parameters of the TDX satellite acquisition and subtracted from the TanDEM-X interferogram. The resulting differential phase was filtered to reduce the noise using a Goldstein filter [23]. Subsequently, the differential phase was unwrapped. We chose to execute this step in parallel with two algorithms: the branch cut (BC) [24] and the minimum cost flow (MCF) [25] method. Phase unwrapping was guided by a coherence mask using a threshold of 0.2 to discard areas of low signal-to-noise ratios. The product was finally recombined with the reference phase after a phase-to-height conversion to get the absolute terrain heights. In a final step we geocoded the resulting DEMs. Since the unwrapping methods are sensitive to errors in the interpretation we visually checked each scene and chose the results of the algorithm with less apparent faulty areas. We additionally excluded any unreliable parts of images that contained artifacts of obvious phase jumps by masking those out manually digitizing a polygon-shapefile mask. The output is considered a raw DEM product with need for refined horizontal and vertical adjustments on the reference SRTM DEM.




2.2.2. Postprocessing and Mosaicking


Due to the concatenation of scenes along-track a consistent raw DEM was generated for each track. However, across orbits, the raw DEM strips needed to be mosaicked to a continuous DEM. For this step, we introduced an automatic sequence to adjust the raw DEM strips using stable points off-glacier. Stable ground was identified as pixels below a 10° slope threshold in the TDX DEM, after applying masks for vegetation and water bodies derived from optical data. The bias obtained from the stable points was removed by fitting a bilinear plane with a least squares approach. After this vertical offset correction, we introduced a horizontal co-registration of the TDX DEMs with the reference SRTM DEM. Following Nuth and Kääb [26], an iterative process was used to minimize shifts between both DEMs in x and y direction. Stable ground pixels were examined for direction and amplitude of elevation deviations with respect to the aspect of the DEM. We extracted the shift parameters as polar coordinates from sinusoidal least squares fitted modeling of the function describing the dh/tan(slope) to aspect dependencies found in the sample of assumed stable points (Supplementary Materials Figure S2). The sum of the consecutively derived shift parameters was applied as a global transformation of the DEM to the new origin with subsequent resampling to the reference SRTM raster parameters. An additional loop of bilinear vertical adjustment was run to correct for residual vertical offsets after horizontal co-registration. These improved TDX DEM tiles were then mosaicked to the final DEM-product. We applied a simple merge where only values of one raster dataset were considered in overlapping areas. Without any averaging, these values were referenced to one exact acquisition date for further calculations.





2.3. Elevation and Volume Changes Rates and Mass Balance


The area-wide DEMs for each timestep were differenced on the glaciated areas from the reference SRTM DEM and annual change rates were computed accounting for the exact timespan between both acquisitions. Glaciers were outlined by an updated Randolph Glacier Inventory Version 5 to the reference year 2000 (cf. Section 2.4). Outliers in the DEMs close to nunataks, icefalls or processing artifacts were removed by a moving window function (Supplementary Materials Figure S3). For each pixel the median was calculated and differenced from the actual value for a 5 × 5, 7 × 7 and a 9 × 9 Kernel. If the mean of those differences exceeded 33 m the center pixel was removed as an outlier.



For the total SPI coverage (summer 2015/16) we calculated the pixel-based elevation change rates to volume by multiplying with the pixel area (30 × 30 m2) and volume to mass changes using different density scenarios (cf. Table 2). For Scenario 1 we used a constant density value of 900 kg·m−3. Scenario 2 was calculated for 850 kg·m−3 [27], while for Scenario 3 the density was not constant. We applied a density of 900 kg·m−3 below the Equilibrium Line Altitude (ELA) and 600 kg·m−3 for areas above this elevation [21,22,28]. To derive the ELA we used the average ELA of the glaciers we studied from De Angelis [17] and divided the areas according to the hypsometric distribution we found to find an area weighted average ELA of 1050 m. The error for this latter scenario was estimated with a mean density of 750 kg·m−3.



To provide a mean dh/dt on glacier catchment basis, we excluded glaciers <10 km2 in the analysis due to a predominance of faulty or missing values. The area of valid TDX to SRTM elevation differences (surveyed area) amounted to 10,772 km2 corresponding to 85.7% of the glaciated area (12,569 km2). We extrapolated the missing 14.3% using to the mean elevation change of the respective altitudinal bin of SRTM elevation. Our study does not account for mass changes of calving glaciers below lake or sea level. As a consequence, our estimates of mass changes are a lower bound.




2.4. Glacier Outline Mapping


Different techniques for an automated glacier mapping with optical satellite imagery have been successfully applied in various glaciated regions [29,30,31]. Since optical sensors are restricted by cloud-cover and glacier mapping requires a low coverage of seasonal snow, the choice of suitable satellite scenes at the end of the ablation period is limited. Hence, several Landsat-5 TM satellite scenes from the period 1 March 2000–7 May 2001 served as basis for a semi-automatic mapping covering the entire SPI (see Supplementary Materials Table S1). Each scene was checked for its orthorectification quality. Ratio images were calculated for bands TM3/TM5 dividing the raw digital numbers (DN) and were converted to a binary mask using different threshold values. Subsequently, the resulting raster was vectorized to generate glacier polygons. To obtain the most suitable threshold value, we compared the glacier polygons to a false color composite of channels 5-4-3 (mid-infrared, near infrared, red). Rationing the red and mid-infrared channel provided the advantage that glaciers situated in cast shadows could be better delineated than by using a ratio of near-infrared and mid-infrared (TM4/TM5) [32]. Waterbodies that were mistakenly classified as glacier and snow were excluded superimposing water bodies from the HydroLAKES database [33] that precludes lakes >0.1 km2. A DEM derived mask was used to exclude the sea surface in fjords, discarding glaciers <0.25 km2. In the next step, some manual correction was still required, especially regarding the separation between seasonal or perennial snow and small glaciers. We used a temporal consistency test to identify and erase annual snowfields. For this we reviewed all available Landsat scenes since the beginning of the Landsat missions (acquisition date summer and autumn) and compared them to the inventory. The arrangement of scenes with different acquisition dates permitted the manual correction for debris-covered glaciers, as some glaciological structures i.e., flow patterns, novel water discharge structures, expanding melting ponds and collapse structures were visible. As a final step, the glacier outlines were subdivided into glacier catchments by extracting the ridgelines and glacier basins using the gap-filled SRTM-DEM. In order to maintain compatibility to the Randolph Glacier Inventory Version 5 [17] a spatial join with its attribute was performed to preserve names and index numbers according to the inventory (cf. Figure 2, titles of plots c-h).




2.5. Accuracy Assessment


The mass balance inaccuracy measures result from the following term for error propagation
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(1)




where δ identifies the uncertainty of the respective variable of elevation change rate (dh/dttot), area (A) and volume to mass conversion (ρ).



In the following we describe these error terms with their composition and determination in more detail. The error of the elevation change rate (δdh/dt tot) comprises the error of the relative vertical accuracy of the two DEMs (δdh/dt vert), the radar penetration into snow and ice (δdh/dt radar) and an error contribution resulting from the extrapolation during gap filling (δdh/dt extrpl). This error term can hence be written as


    δ  d h / d  t  t o t     =    δ  dh / dt   vert     2  +  δ  dh / dt   radar     2  +  δ  dh / dt   extrpl     2      



(2)







We assessed the relative vertical accuracy of our TDX DEMs to SRTM on land (off glaciers, fjords, lakes) for every examined time step. For each mosaic, we provide a map to judge the spatial distribution of the error and a plot displaying the median elevation change between the respective DEMs (cf. Supplementary Materials Figure S1). This error estimation method uses a conservative approach, including more pixels than assumed to be stable in the DEM adjustment (c.f. Section 2.3). Vegetation effects, landscape changes or outliers due to inaccuracies of the signal are not eliminated a priori. Nevertheless, elevation changes exceeding 15 m were not taken into account for the calculation, as we assume this a threshold for a remaining non-stable target. Since the deviation is known to be dependent on the slope of the examined area [21,34], we provide the median calculated for each bin of 5° slope (c.f. Supplementary Materials Figure S4,). The increase in the median absolute deviation (MAD) between the compared elevation values with increasing slope remains in a range of 6 m for all mosaics for slopes ≤ 45° with the median ranging within ±1.2 m.
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Equation (3) shows the calculation for each area weighted MAD (MADAw), where the area proportion of each slope bin of 5° (A slp i) is considered (with A being the entire measured area and MADslp i the respective MAD of the slope bin) This resulted in an MADAW of 3.14 for our 2000–2015 elevation change measurements corresponding to a δdh/dt vert of ±0.198 m·a−1 when divided by the mean time span of 15.86 years. In order to account for differences radar signal penetration of C- and X-band in the snow and glacier surface, we add the term of δdh/dt radar. We assume no penetration on melting surfaces up to the average ELA (1050 m cf. Section 2.3) for both frequency bands and a linear increase of up to 5 m in the highest areas. This results in an uncertainty of ±0.081 m·a−1 after area weighting.



For the error contribution of gap filling (δdh/dt extpl) using hypsometry (cf. Supplementary Materials Figure S5b) the uncertainty is given by the standard deviation in each bin. Performing again area weighting we reach a value of ±0.191 m·a−1.



Using Equation (2) the dh/dt uncertainty computes then to ±0.287 m·a−1 for the entire SPI including the interpolated areas. For the actually measured area (without interpolation) the error is ±0.214 m·a−1. For the uncertainty resulting from the glacier area determination (δA) we take a mean value of 0.6%. This value is justified since previous detailed analysis by Paul and others [35] revealed an error of 3% for alpine catchments. However, their area to perimeter ratio is much larger (5.03) than in our case (0.99) corresponding to the dominating effects of a scattered glacier coverage and long valley glaciers in contrast to a more compact icefield with outlet glaciers in our case. As a consequence, the outline error contributes much less to the overall error in our case.



Regarding volume-to-mass conversion, we adopt the density uncertainty of ±60 kg·m−3 given by Huss [27]. We apply this for each of the density scenarios.





3. Results


3.1. Elevation Changes: SPI 2000–2015/16


Figure 2 shows the elevation change rates (dh/dt) between SRTM (2000) and the mosaicked TDX acquisitions from austral summer 2015/16. The spatial pattern of changes is quite heterogeneous. The accumulation areas of most glaciers show no to slightly positive changes in elevation uniformly over the whole icefield from about 49.77° S to the southern end of the SPI. However, some glacier catchments such as Upsala, Viedma, Chico, O’Higgins, Occidental and Jorge Montt show thinning rates of up to 2 m·a−1 also in the accumulation areas. There is no marked difference between the east and west side of the icefield in this northern part of SPI. Only Pío XI Glacier shows overall balanced to slightly positive elevation changes. This catchment is also particular since the glacier is known to have advanced [36] and the positive elevation changes at the tongue (up to 8 m a−1 within the period 2000–2015/16) document this dynamic behavior. The hypsometry of Pío XI Glacier shows the largest proportion of its catchment area to be above 1000 m (Figure 2c). South of 49.7° S, almost balanced conditions exist for many glaciers including Perito Moreno and Asia glacier. These glaciers have considerable areas above 1000 m surface elevation. Perito Moreno Glacier shows a marked hypsometric minimum around 1000 m (Figure 2d). The adjacent Ameghino Glacier contrasts this pattern with considerable elevation decrease with up to −10 m·a−1. As Perito Moreno Glacier, it exhibits a bi-modal distribution of its surface elevation, but with more area below 1000 m and a second maximum around 1900 m. Glaciers at the southern end of SPI, i.e., Amalia, Tyndall and Grey glaciers, show overall negative elevation changes. While the elevation changes at the tongues of e.g., Grey, Amalia and Chico glaciers reach up to −6 to −8 m·a−1 at maximum, Tyndall and Viedma glaciers show smaller maximum lowering rates with values up to −4 m·a−1. Still, the mean elevation changes for the entire glaciers are among the most negative ones (Figure 2b and Supplementary Materials Table S2). All those glaciers have a large proportion of their catchment areas below 1000 m. Highest lowering rates are observed on glaciers HPS12, Upsala and Jorge Montt with mean elevation changes ranging from −4.3 to −3.2 m·a−1 and peak losses reaching −51, −19 and −27 m·a−1 for the mentioned glaciers, respectively. These three glaciers cover 95.4% of the area that experienced more than −10 m of elevation change per year (157.11 km2 in total). Whereas Jorge Mont Glacier does not show the most extreme minimum value, it is the glacier with the largest extent of decrease below −10 m·a−1 (94.87 km2). Those glaciers show a hypsometric distribution that hardly reaches 2000 m, with the major part below the snow line altitude.




3.2. Geodetic Mass Balance Entire SPI 2000-2015/16


Results of the geodetic glacier mass balance calculations are given in Table 2. Averaged over the entire SPI the volume loss dominates over the 16-year period. With a negative mean elevation change, the total SPI shows also a negative mass balance for all the scenarios calculated. With lower densities assumed for the accumulation area (Scenario 3), the balance becomes significantly less negative, since the area above the assumed Equilibrium Line Altitude of 1050 m is large (7258 km2) compared to the ablation area (3514 km2).




3.3. Elevation Changes: Southern SPI on Multiple Timesteps


In Figure 3 we compare different time periods for a subset of the southernmost SPI. The maps (a) and (b) reveal that the interval 2011/12–2015/16 shows positive dh/dt values in particular at higher elevations, but also on some of the glacier tongues such as at Perito Moreno. On the other hand, glacier tongues having shown negative elevation changes in 2000–2011/12 also exhibit a similar negative pattern in the 2011/12–2015/16 period. For the altitude range between 1000–2000 m the surface increased at maximum rates of 1.11 m·a−1 (2011/12–2015/16). As the area at this level is notably large it causes the overall mean elevation change of the studied southern part of the SPI to turn out positive for this period, with 0.128 ± 1.1 m·a−1. The vertical and lateral co-registration accuracy is comparable for both time intervals. It has to be noted that the image differencing 2011/12–2015/16 is based, for both years, on summer acquisitions.



The mean elevation changes of the TDX mosaics of 2011/12 to 2015/16 in reference to SRTM (2000) and 2011/12–2015/16 (TDX-TDX) are shown as hypsometric plots in Figure 3c. The range of values for each elevation bin of 50 m is indicated by the standard deviation (sd). As described in Section 3.1 the large variability at levels below 1300 m is caused by the heterogeneous change rates at the glacier tongues (cf. sd bars). At higher altitudes theses ranges get narrower, varying at ±1 m·a−1. The change rates for the lower elevation (≤1300 m) vary less over time than higher up. Especially the areas at heights between 1300 and 2000 m show a big variance in the mean elevation change values. That is remarkable, as it represents 52% of the total glaciated area. The values for summer 2015/16 and winter 2016 delineate the upper and lower bound of the mean change rates in this elevation band. These values show seasonal differences with only about nine months temporal baseline. The two dates also reflect different surface conditions in winter and summer and hence not only elevation change, but also different signal penetration into the snow and fern cover.





4. Discussion


4.1. Elevation and Mass Changes of the Entire SPI


The proportion of 10% of total sea level rise related to mountain glaciers being associated with the South American glaciers [8] emphasizes the importance of a comprehensive discussion of glacier variations beyond our studied area and time period. Since last peak extents during Little Ice Age (LIA), glaciers of South America are reported to show a pattern of overall recession, synchronous along latitudes and with slight local fluctuations [37,38]. The depletion pattern we found all over the SPI with highest change rates at the glacier tongues reflects these findings Harrison and others [38] attributed to climate forcing for the recent study period. Nevertheless, the magnitudes differ remarkably comparing the period between the LIA to date to the last two decades: Table 3 displays results of several studies on mass balance in the region that have been carried out by different teams with different methods. The volume loss estimated by Glasser and others [39] since the LIA peak extents which we downscaled to annual rates is a magnitude lower than other listed studies. The overview accentuates the increase in volume/mass loss rates accompanying the accelerated retreat of over 90% of the glaciers over the last century [9] as well as it stresses the dominant role of the SPI in the region, reacting to recent forcing. To improve the comparability of the various studies, we have generated specific mass balances (where possible), by dividing the mass change rates by the investigated area. Our results compare well with previous studies covering a similar time interval as e.g., [7,8,40]. We cannot confirm the magnitude of the acceleration of mass change estimates for the 5-year period 1995–2000 as compared to the period 1975–2000. This acceleration was stated by Rignot and others [8] and estimated on a small subset of glaciers only. Nonetheless, it has to be considered, that those computations were done only on a comparable small sub-sample and extrapolated to the entire icefield. Our results differ from the study by Willis and others [7] since we use no penetration depth correction for the SRTM C-band data. In contrast to those authors and in line with Abdel Jaber [40,41] we consider surface melt conditions for almost the entire SPI during SRTM acquisition and hence no signal penetration. Our TDX data from the austral summer 2015/16 show similar surface conditions as the careful inspection of the SAR intensity imagery revealed. In contrast to Abdel Jaber [41] our analysis of entire SPI covers a larger time span and uses the SRTM C-Band 30 m dataset as reference in contrast to the 90 m product used in those earlier studies. We used a different processing approach as the operational TanDEM-X DEM processor of the German Aerospace Center. This, together with slight differences in glacier outlines and upscaling in unmeasured areas, explains the differences between these two studies.



We want to stress that our estimate is a lower bound since we did not consider mass loss due to subaqueous calving, which is larger than indicated above the sea/lake level, since calving glaciers often occupy over deepened valleys. However, only very limited information is available on the ice thickness and bathymetry in front of the glaciers. Nevertheless, this may explain partly the differences to the data retrieved from gravimetric time series of the Gravity and Climate Experiment (GRACE). Those measurements are additionally influenced by uncertainties in the estimation of the glacio-isostatic uplift (GIA) for which rates are known to be one of the highest in Patagonia in a global comparison. Recent studies report maximum uplift rates of up to 41 mm a−1 at the margin of the icefield [15,16,42]. Moreover, the GRACE measurements cover both icefield plus ice bodies to the north and south of the NPI and SPI.



The observed spatial pattern in our results is comparable to the work of Willis and others [7], although our dh/dt map is smoother. This is caused by the interferometric approach of our study while in the optical ASTER datasets cloudy pixels or correlation mismatches remain in bright areas of the accumulation areas, which might not have been filtered out sufficiently by the time series analysis. The most pronounced surface lowering rates of Jorge Montt and Upsala as well as HPS12 Glacier have been noted by previous studies as well [7,41]. Those are most likely caused by dynamic adjustments to the fast retreat of their glacier fronts. The retreat and acceleration had been reported by various authors [43,44,45,46,47]. For Upsala glacier the retreat has accelerated between 2008 and 2011 remaining stable since then [46,48,49,50]. Those glaciers show also the largest dh/dt rates despite accumulation area ratios (AAR) ranging from 0.65 to 0.7 (Supplementary Materials Table S2). Negative elevation changes are also measured on Occidental, Chico, O’Higgins, Viedma and Ameghino glaciers as well as in the very south of SPI. Occidental Glacier is also considered most sensitive to Equilibrium Line Altitude (ELA) changes by de Angelis [17], since the bulk area is located below the ELA—addressed as class C in his study. This is supported by our measured mean dh/dt rates of more than 1.5 m a−1 and an AAR of about 0.26. Our observed negative mass balance for the catchment of Chico Glacier is slightly higher than previous observations finding −0.29 ± 0.097 w.e. a−1 between 1975 and 2001 [10], which was attributed to increasing temperatures and reduced precipitation. Grey Glacier has also lost major parts of its northern and southern frontal lobe causing largest lowering rates to occur in those areas. For the main branch lowering rates are comparable to adjacent Tyndall Glacier or the low glacier tongues on the west coast e.g., Amalia Glacier. Our surface lowering rates at the tongue of Tyndall Glacier are higher than the thinning rates of 1.7 m·a−1 (1975–1985), 3.3 m·a−1 (1985–1993) and 3.6 m·a−1 (1993–2002) obtained by markers at the central part of the glaciers reported by Raymond and others [11]. Another study by Rivera and others [51] reported a similar magnitude of elevation changes, but also states maximum rates of up to 7.6 m·a−1 surface lowering at Dickson Glacier. Those patterns can most likely be explained by the hypsometry of the glaciers. First mentioned by Naruse and others [52], de Angelis [17] showed by mass balance computations, that for many of the Patagonian glaciers the Accumulation Area Ratio (AAR) and hypsometry can explain many of the observed glacier changes of SPI despite dynamic adjustments. Several studies [53,54,55] also attributed the stability of Perito Moreno Glacier partly to this, since the equilibrium line is located in a steep area and hence a shift does not affect large areas as e.g., on flat areas or glaciers with a primarily low elevation distribution such as Upsala [55]. De Angelis referred to this as the location of the bulge in the hypsometric profile [17]. For most of the intermediate sensitive glaciers to changes in ELA he observed a bi- or multi-modal hypsometric distribution with the ELA between peaks (class E) or uni-modal distribution with the bulge at the ELA (class D). This also explains the considerable larger surface lowering rates at Ameghino Glacier in close vicinity to Perito Moreno Glacier, since its hypsometry shows a considerably larger proportion below the ELA in addition to differences in the calving and basal melt [56,57]. A large proportion of the SPI glaciers show almost balanced or slightly positive elevation changes. Pio XI glacier has the second largest positive geodetic mass balances. This is in accordance with de Angelis, who contested for this class of glacier having the bulk area above the ELA (class B) and low sensitivity towards ELA changes [17]. The advance of Pío XI Glacier has been described in previous studies and attributed to a surge or possibly triggered by geothermal activity [58,59]. However, our results do not show a clear source area from where the mass would have been transported down-glacier in a surge causing the advance and thickening of the tongue. Such a pattern was observed at many other surging glaciers e.g., in the Karakoram or western Himalaya [21,22]. In contrast, the potential source area in the accumulation zone shows positive elevation change rates as do many other glaciers on the west coast of the SPI. Minowa and others [56] already proposed that the geometry and pinning points of the glacier tongue may also be relevant to explain the observed advance. This agrees with the interpretation by de Angelis stating that his class B glaciers have long and narrow tongues that are nourished by a large high elevation accumulation area [17]. It may hence be speculated that continuous positive surface mass balances together with the particular glacier geometry may be responsible for the observed dh/dt pattern of Pío XI rather than surging or geothermal activity in the accumulation area (e.g., reported by [60]).




4.2. Elevation Changes: Southern SPI on Multiple Timesteps


Glaciers of the southernmost end of the SPI show a positive elevation change rate for the years 2011/12–2015/16. In Section 3.3 we emphasized the role of the accumulation area, with its overly proportional size and a positive change rate. The positive change rates of <1 m·a−1 relate to ~4 m of actual surface rise over the 3 years. Already the dh/dt measurements of autumn 2014 indicate more positive accumulation rates. We assume that heavy snowfall events in winters 2014 and 2015 have caused this increase. We cannot confirm such anomalous high precipitation events by observations, since there are no measurements available. However, it is known that the westerlies have become more intense in southern Patagonia in recent years, resulting in enhanced precipitation, driven by the orographic effect across the Andes [1]. This is a possible explanation of the measured positive elevation changes up to about 2000 m. Another aspect to explain the differences in the accumulation area (>2000 m) is differences in radar signal penetration. Mätzler and Schanda [68] showed that the signal penetration into snow/fern covers depends on the grain size and surface wetness. Liquid water limits the signal penetration to the first centimeters. The depth of the scattering phase centers of a radar wave in a frozen, stratified fern cover formed during wet snow metamorphosis on the SPI may differ from season to season. Hence, the pronounced drop of the 2011/12–2015/16 mean dh/dt line (Figure 3c) in regions >2000 m might also be partially attributed to this influence. The winter 2016 data also shows higher negative elevation changes rates in elevations >1500 m, which can also be attributed to stronger signal penetration during winter conditions. The effect and visibility are partly reduced since the differencing was done over a 16-year period. This clearly shows the relevance to consider appropriate image acquisitions for radar elevation change measurements. In the case of SPI, summer conditions prove most suitable since wet snow conditions probably prevailed over most of the glaciated area.





5. Conclusions


Our results confirm the large mass loss from the Southern Patagonian Icefield. Our estimates are slightly smaller than given in several previous studies. This might be attributed to the fact that in recent years the orographically-driven precipitation due to enhanced westerly flow has also increased [1]. We cannot observe an increase in mass loss rates compared to earlier studies since the 1970s, however we confirm the increase by one magnitude of mass loss since the Little Ice Age. We provide a lower bound estimate, since we did not consider volume and mass changes resulting from the subaqueous loss of retreating tidewater and freshwater calving glaciers. Due to the lack of respective information on ice thickness in those areas estimates would be hardly reliable. We also provide computations for different density scenarios for volume-mass conversion in order to enable direct comparison with previous studies.



The spatially detailed analysis shows a very heterogeneous pattern of glacier elevation changes. While some glaciers such as Jorge Montt, Upsala or HPS12 show very high lowering rates mainly driven by dynamic adjustment to the new glacier front position after fast retreat, other major glaciers such as Perito Moreno or Europa have remained roughly balanced. Our analysis is in line with a previous study considering hypsometry as a major factor to explain the sensitivity of SPI glaciers to change in equilibrium line altitude. Pío XI still shows a positive mass balance with a thickening of the glacier tongue by several meters per year on average. Our observations do not reveal indications for a surge-type behavior of this glacier, but rather support an explanation of continuous mass gain in conjunction with the specific glacier geometry. This illustrates that various factors have to be taken into account to explain the impact and reaction of glaciers of the SPI.



Our multi-temporal analysis reveals that bi-static TanDEM-X synthetic aperture radar imagery is highly suitable to study glacier volume changes over large regions, in a semi-operational way and in frequently cloudy regions such as Fuego-Patagonia. Even shorter time periods of 2–3 years can be used for balancing if image pairs with favorable acquisition conditions are available. Uncertainties and limitations (in particular for short temporal baselines) arise from the unknown radar penetration in frozen fern and snow. It is, therefore, recommended that regular acquisitions be carried out over fast changing regions such as glaciers and that the timing of acquisitions is coordinated according to previously available data or reference data sets, preferentially to the peak of summer melting conditions. More specifically dedicated research on radar signal penetration under different surface conditions and fern/snow structures are required in order to further reduce these uncertainties.
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Figure 1. Overview of the Southern Patagonian Icefield, location map in southern South America and glacier names referred to in the text. The grey glacier outlines indicate the southern tip of the SPI which was repeatedly covered by TanDEM-X data (cf. Section 3.3). Background image: Landsat mosaic from Landsat 5 and 8©USGS, 2015. 
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Figure 2. Elevation change maps of the SPI; names denote the major outlet glaciers. (a) pixel-based assessment 2000–2015/16; (b) averaged on catchment basis; (c–h) hypsometry (cyan) and elevation changes (red) plotted for 50 m elevation bins for different glaciers. Pio XI glacier is known for its anomalous development at its two termini. As a singular exceptional case over the whole icefield it is attributed a neutral to slightly positive surface change rate on the plateau-like higher altitudes but experiencing lifted surface at the tongue, with rates increasing downstream to a maximum of 8 m·a−1 at its southern terminus. All graphs only refer to surveyed area which amounted for a total of 10772 km2 for (a) and (b). 
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Figure 3. Elevation changes of the southern SPI for different time periods. The maps (a,b) show the spatial pattern 2000–2011/12 and winter 2011/12–2015/16 respectively; The graph (c) illustrates the dh/dt measured by the mosaics of the different time steps 2011/12 summer, 2014 autumn, 2015/16 summer and 2016 winter with reference to SRTM (2000). The hypsometry is given as cyan bars for 50 m elevation bins while the elevation changes are plotted as mean and standard deviation of the respective time interval. 
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Table 1. Summary of the TanDEM-X data takes used for DEM generation. Beff: effective baseline; HoA: height of ambiguity; Inc. angle: incident angle; PU: phase unwrapping method used for the specific data set.
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ID

	
Mosaic

	
Date

	
Start Time

	
Scenes

	
Pass Dir.

	
Beff (m)

	
HoA (m)

	
Inc Angle (degree)

	
PU Mode






	
1

	
Summer 2011/12

	
31 January 2012

	
09:54:19–09:54:26

	
2

	
D

	
69.03

	
−94.04

	
37.17

	
mcf




	
2

	
15 March 2012

	
09:54:19–09:54:26

	
2

	
D

	
68.97

	
−98.42

	
40.61

	
mcf




	
3

	
Autumn 2014

	
16 May 2014

	
09:54:32–09:54:39

	
2

	
D

	
159.71

	
40.20

	
38.41

	
mcf




	
4

	
27 May 2014

	
09:54:33–09:54:40

	
2

	
D

	
162.34

	
42.39

	
41.95

	
mcf




	
5

	
Summer 2015/16

	
3 December 2015

	
10:02:40–10:02:51

	
3

	
D

	
114.68

	
49.91

	
35.35

	
mcf




	
6

	
3 December 2015

	
10:03:12–10:03:26

	
3

	
D

	
106.48

	
38.28

	
24.81

	
mcf




	
7

	
9 December 2015

	
09:54:10–09:54:28

	
4

	
D

	
119.71

	
−65.39

	
44.54

	
mcf




	
8

	
9 December 2015

	
09:54:42–09:54:56

	
3

	
D

	
115.25

	
−53.47

	
36.03

	
mcf




	
9

	
20 December 2016

	
09.54:19–09:54:35

	
5

	
D

	
117.79

	
−62.93

	
42.92

	
bc




	
10

	
31 December 2015

	
09:54:25–09:54:48

	
5

	
D

	
117.64

	
−59.31

	
41.09

	
mcf




	
11

	
Winter 2016

	
20 September 2016

	
09:54:50–09:55:04

	
3

	
D

	
105.43

	
−61.22

	
38.52

	
mcf




	
12

	
1 October 2016

	
09:54:45–09:54:57

	
2

	
D

	
105.63

	
−65.10

	
40.65

	
mcf
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Table 2. Volume and mass change computations for the SPI (10.772 km2 of measured area corresponding to 85.7% of the SPI area) using different density scenarios for volume-to-mass conversion. last row: as Scenario 1 but including extrapolation for the missing 14.3 percent.






Table 2. Volume and mass change computations for the SPI (10.772 km2 of measured area corresponding to 85.7% of the SPI area) using different density scenarios for volume-to-mass conversion. last row: as Scenario 1 but including extrapolation for the missing 14.3 percent.





	
Scenarios

	
dh/dt (m·a−1)

	
dV/dt (km3·a−1)

	
dM/dt (Gt·a−1)






	
Scenario 1

	
−1.06 ± 0.21

	
−11.5 ± 2.3

	
−10.34 ± 2.2




	
Scenario 2

	
−9.77 ± 2.1




	
Scenario 3

	
−7.97 ± 1.7




	
Scenario 1, (extrapolated)

	
−1.05 ± 0.28

	
−13.2 ± 3.6

	
−11.84 ± 3.3
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Table 3. Overview of elevation and mass change estimates for the SPI compiled from different studies. Grey background indicates values of this study. The 10.772 km2 refer to actually measured area while 12.573 km2 correspond to the value extrapolated to data gaps as described in method section.
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	Area (km²)
	Volume (km3·a−1)
	Mass (Gt·a−1)
	Spec. Mass Balance (m w.e.a−1)
	Region
	Period
	Method/Data
	Reference





	
	−1.39 ± 0.28
	
	
	SPI
	1650–2000
	dh/dt reconstruction
	[39]



	13.000
	−13.5 ± 0.8
	−15.2 ± 0.72
	−0.934
	SPI
	1968/75–2000
	dh/dt, maps-SRTM
	[61]



	13.000
	−38.7 ± 4.4
	
	−2.679
	SPI
	1995–2000
	dh/dt maps SRTM
	[8]



	12.118
	−22.2 ± 1.3
	−20.0 ± 1.2
	−1.476
	SPI
	2000–2011
	dh/dt ASTER-SRTM
	[7]



	12.880
	−14.59 ± 0.37
	−13.14 ± 0.42
	−1.019
	SPI
	2000–2011/12
	dh/dt TDX-SRTM
	[40]



	10.772
	−11.5 ± 2.3
	−10.39 ± 2.2
	−0.954
	SPI
	2000–2015/16
	dh/dt TDX-SRTM
	this study



	12.573
	−13.2 ± 3.6
	−11.84 ± 2.2
	−0.9.41
	SPI
	2000–2015/16
	dh/dt TDX-SRTM
	this study



	
	---
	−29 ± 10
	
	Southern Andes
	2003–2009
	Gravimetry/GRACE
	[62,63]



	
	---
	−23.0 ± 3.0
	
	Fuego-Patagonia
	2003–2011
	Gravimetry/GRACE
	



	
	---
	−26.6 ± 6.0
	
	Fuego-Patagonia
	2003–2009
	Gravimetry/GRACE
	[64]



	
	−27.9 ± 11
	
	−1.6
	Patagonia
	04/2002–12/2006
	Gravimetry/GRACE
	[65]



	
	−0.79 ± 0.16
	−0.65
	
	NPI
	1870–2000
	dh/dt reconstruction
	[39]



	
	−3.2 ± 0.4
	
	
	NPI
	1968/75–2000
	dh/dt, maps-SRTM
	[8]



	
	−4.06 ± 0.11
	−3.96 ± 0.14
	
	NPI
	2000–2011
	dh/dt ASTER-SRTM
	[66]



	
	−4.4 ± 0.13
	−3.96 ± 0.14
	
	NPI
	2000–2014
	dh/dt TDX-SRTM
	[40]



	
	−4.06 ± 0.11
	−3.4 ± 0.07
	
	Cordillera Darwin
	2000–2011
	dh/dt ASTER-SRTM
	[67]











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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