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Estimating Permafrost Distribution in the Maritime Southern Alps, New Zealand, Based on Climatic Conditions at Rock Glacier Sites
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Alpine permafrost occurrence in maritime climates has received little attention, despite suggestions that permafrost may occur at lower elevations than in continental climates. To assess the spatial and altitudinal limits of permafrost in the maritime Southern Alps, we developed and tested a catchment-scale distributed permafrost estimate. We used logistic regression to identify the relationship between permafrost presence at 280 active and relict rock glacier sites and the independent variables (a) mean annual air temperature (MAAT) and (b) potential incoming solar radiation in snow free months. The statistical relationships were subsequently employed to calculate the spatially-distributed probability of permafrost occurrence, using a probability of ≥ 0.6 to delineate the potential permafrost extent. Our results suggest that topoclimatic conditions are favorable for permafrost occurrence in debris-mantled slopes above ~2000 m above sea level (asl) in the central Southern Alps and above ~2150 m asl in the more northern Kaikoura ranges. Considering the well-recognized latitudinal influence on global permafrost occurrences, these altitudinal limits are lower than the limits observed in other mountain regions. We argue that the Southern Alps' lower distribution limits may exemplify an oceanic influence on global permafrost distribution. Reduced ice-loss due to moderate maritime summer temperature extremes may facilitate the existence of permafrost at lower altitudes than in continental regions at similar latitude. Empirical permafrost distribution models derived in continental climates may consequently be of limited applicability in maritime settings.
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INTRODUCTION

Alpine permafrost distribution studies have focused predominantly on continental regions, building on pioneering work in the European Alps (e.g., Haeberli, 1975; Barsch, 1978) and the North American Cordilleras (e.g., Wahrhaftig and Cox, 1959; Ives and Fahey, 1971; Harris and Brown, 1978). Consequently, permafrost distribution estimates for maritime climates are underrepresented in the literature. An oceanic control on permafrost distribution limits has been occasionally suggested in the past. Cheng (1983) found altitudinal permafrost limits in Western China were lower in areas of lower continentality due to the effect of cloud cover (more frequent in maritime climates) at latitudes below 40°N. Gorbunov (1978) reported a general trend of lower mountain permafrost limits in littoral regions without elaborating on possible controls. Similarly, Matsuoka (2003) documented lower permafrost limits in Asian high mountain areas of humid continental and pacific climate than in arid continental climates. Conversely, Gruber and Haeberli (2009) suggested an increase in elevation of permafrost limits on gentle slopes toward maritime areas, where thick insulating snowpacks result in warmer temperatures in the underlying substrate. More information on permafrost distribution in maritime settings is needed to further explore the existing, partly contradictory, understanding of permafrost occurrence in maritime areas.

Regional estimates of permafrost distribution are frequently based on rock glaciers, which are the largest and most conspicuous permafrost indicators in alpine environments (e.g., Barsch, 1996; Haeberli et al., 2006). Rock glaciers are slope-scale features that form by the gravity-driven creep of ice-oversaturated talus or till. Their surface commonly exhibits a characteristic ridge-and-furrow topography, created by longitudinal compression and buckle folding due to increased friction toward the margins or at slope changes (e.g., Frehner et al., 2015). Both size and surface morphology make rock glaciers easily identifiable in remotely sensed imagery. Depending on the rock glacier's mobility and permafrost presence, three activity states are distinguished: active (containing ice, moving), inactive (containing ice, not moving), and relict rock glaciers (not containing ice, not moving). The presence of permafrost is strongly dependent on a suitably cold climate (e.g., Haeberli et al., 2010). Consequently, the spatial distribution of active, inactive, and relict rock glaciers has been found to correlate with elevation and aspect (e.g., Brazier et al., 1998; Janke, 2007; Lilleøren and Etzelmüller, 2011), reflecting spatial variations in temperature and insolation.

Research on the geographic extent of permafrost in New Zealand's Southern Alps has been limited (cf. Augustinus, 2002). A first rock glacier inventory aiming at the description of the Southern Alps' permafrost extent was created by Jeanneret (1975), who mapped 27 active rock glaciers in selected areas and found frontal lobe altitudes ranging between 1620 and 2180 m above sea level (asl). Based on a more comprehensive rock glacier inventory for the Ben Ohau Range, Brazier et al. (1998) proposed a lower limit of ~2000 m asl for sporadic permafrost occurrences in the Southern Alps, supporting an earlier estimate by Gorbunov (1978) based on first-order snowline approximations. Allen et al. (2008) adapted Haeberli's (1975) topoclimatic distribution thresholds for steep slopes (>20°) to the climatic conditions in the Mt Cook region, but found that this model underestimated the permafrost extent indicated by rock glaciers in the region. A second model by Allen et al. (2009) focused on estimating permafrost distribution in steep rockwalls by modeling mean annual rock temperatures and suggested that bedrock permafrost may occur in extremely shaded locations as low as ~2000 m asl.

Existing empirical distribution estimates for the Southern Alps provide altitudinal limits derived either from permafrost observations in a single mountain range or from a few selected sites from multiple ranges. A regional-scale permafrost estimate for the Southern Alps, based on a spatially extensive observation inventory, is so far missing. Gruber (2012) recently presented a first-order estimate of the geographic extent of permafrost in New Zealand as part of a global permafrost zonation model based on relationships between permafrost extent and long-term mean annual air temperature (MAAT). This model has yet to be evaluated with local observations.

In this paper, we present an empirical, spatially-distributed permafrost estimate for debris-mantled slopes in the maritime Southern Alps based on a spatially-extensive rock glacier inventory that covers a significant proportion of the mountain chain's high-altitude areas. We compare our predictions to permafrost distributions in more continental regions to evaluate whether a maritime influence on permafrost occurrence in New Zealand is present.

STUDY AREA

The Southern Alps are an elongate southwest-trending mountain chain on the South Island of New Zealand (Figure 1). The mountain belt, created by the oblique collision of the Pacific and Australian plates, is ~800 km long, 60 km wide, and consists of a series of ranges and basins (Barrell et al., 2011). Many mountains along and close to the Southern Alps' drainage divide, referred to as the Main Divide, rise above 2500 m asl, including New Zealand's highest mountain, Aoraki/Mt Cook (3724 m; Sirguey, 2014). The extent of the Southern Alps has not been officially defined. In this paper, we refer to all South Island mountain ranges created by tectonic transpression as the Southern Alps, including the Kaikoura ranges in the north (Figure 1).
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FIGURE 1. Extent of the Southern Alps on New Zealand's South Island, as defined in this paper, and locations mentioned in the text. Elevation data: 25 m DEM, Barringer et al. (2002), coastline and regional boundaries: Statistics New Zealand (2013).



The climate of the Southern Alps is temperate with a strong maritime influence (cf. Sturman and Wanner, 2001). The Southern Alps' orientation perpendicular to the prevailing moisture-laden westerly winds creates a strong orographic precipitation regime on a regional scale, inducing increasingly “continental” climate toward the east. However, the annual range of mean monthly temperatures at Lake Tekapo, one of the most continental sites in the Southern Alps, is only 13.5°C (1971–2000; NIWA, 2010), a several degrees smaller range than in the central European Alps (Figure 2), demonstrating that the maritime influence in New Zealand is pervasive.
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FIGURE 2. Comparison of mean annual temperature range (i.e, difference between the mean air temperatures of the warmest and coldest month), mean annual air temperature extrapolated to 500 m asl (using the standard environmental lapse rate of 6.5° km−1, Barry, 2008), and mean daily maximum temperature (Tmax) of the warmest month extrapolated to 500 m asl for three climate stations in the New Zealand Southern Alps and three climate stations in the European Alps. New Zealand stations: Harihari, ID 4044, 43.144 S 170.553 E, 45 m asl; Lake Tekapo, ID 4970, 44.002 S 170.441 E, 762 m asl; Timaru, ID 5095, 44.412 S 171.254 N, 17 m asl; NZ data source: NIWA, 2010; European stations: Feldkirch, 47.267 N 9.6 E, 439 m asl, source: ZAMG, 2002; Segl-Maria, ID 24, 46.43 N 9.76 E, 1804 m asl; Lugano, ID 47, 46.00 N 8.96 E, 273 m asl, Swiss data source: MeteoSchweiz, 2014. Temperature normals are derived from homogenized data series for the standard climate period 1971–2000, with the exception of mean maximum temperatures for the Swiss stations Segl-Maria and Lugano (marked with *), which were only available in homogenized form for the climate period 1981–2010. Maps: Elevation data (area > 1000 m asl): WorldClim's elevation dataset (Hijmans et al., 2005), country boundaries: Global Administrative Areas database V2.8 (GADM, 2015).



Annual precipitation is highest on the western flank near the Main Divide (up to 14 m a−1, Henderson and Thompson, 1999) and immediately east of the Main Divide due to spillover (cf. Sinclair et al., 1997). Further eastwards, annual rainfall totals drop to <1000 mm in the inland mountain basins and on the eastern plains (Griffiths and McSaveney, 1983). Modern glacial equilibrium line altitudes in the central Southern Alps rise from 1600 m asl west of the Main Divide to 2000–2200 m asl on eastern glaciers (Lamont et al., 1999), mimicking this precipitation gradient. In the Inland Kaikoura Range, at the northern extreme of the Southern Alps, the present glacial equilibrium line altitude is estimated at 2500 m asl (Chinn, 1995).

METHODS

To construct a permafrost estimate for the Southern Alps, we first compiled a rock glacier inventory as an indicator of permafrost presence or absence. We then quantified the relationship between permafrost presence and the topoclimatic controls MAAT and potential incoming solar radiation (hereafter referred to as solar radiation) using logistic regression. From these statistical relationships, we developed a catchment-scale distributed predictive model for debris-mantled slopes. This model calculates the permafrost probability at a given location based on local estimates of MAAT and solar radiation. Last, we evaluated the model output using end-of-winter equilibrium temperature at the snowpack base (i.e., a constant ground surface temperature developing toward the end of winter underneath an insulating snow cover; hereafter referred to as winter equilibrium temperature) as an independent indicator of local permafrost occurrence.

Compilation of a Rock Glacier Inventory

Talus-derived rock glaciers occur in the Southern Alps in high-altitude areas east of the Main Divide, where the climate is cold enough for the preservation of perennially frozen ground but too dry for glaciers to occupy topographically suitable locations (e.g., Humlum, 1998). For rock glacier mapping, we concentrated on the Southern Alps' central ranges between 44.32° S and 42.95° S as well as the Inland Kaikoura Range (42° S). A preliminary survey of satellite imagery showed that almost all of the permafrost creep features in the Southern Alps are located in these regions.

We chose the rock glacier initiation line [Humlum, 1998; corresponding to Barsch's, 1996 “rooting zone”], i.e., where permafrost creep initially started (see Figure 3), as the sampling location for model development. By focusing on topoclimatic conditions at the rock glacier initiation line, we aimed to avoid probable overestimation of permafrost limits due to the mobility of rock glaciers. Where conditions are especially suitable for permafrost creep, such as where a high supply of debris and high input of snow or refreezing meltwater occurs, rock glaciers can export permafrost into locations that are climatically unfavorable for permafrost formation (e.g., Lugon and Delaloye, 2001). Furthermore, the presence of coarse debris at rock glacier surfaces facilitates cold-air infiltration and circulation (e.g., Hanson and Hoelzle, 2004) and might preserve permafrost in localities below the general distribution limit. We acknowledge that the derived permafrost limits will in some cases underestimate the permafrost extent on slopes with intact (active and inactive) rock glaciers. However, given the comparatively small number of slopes with permafrost creep in the Southern Alps, resulting estimates are expected to be more credible for the predominantly non-creeping debris slopes.
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FIGURE 3. Examples of rock glacier initiation line locations. The yellow circle marks the approximate location of the initiation line of a single talus-derived rock glacier. The blue triangle marks the initiation line location which was actually mapped for this specific rock glacier complex at the head of the Irishman Stream valley, Ben Ohau Range (43.988° S, 170.050° E). Arrows highlight the conspicuously convex morphology of active rock glacier lobes, in contrast to the less distinct, collapsed appearance of older relict lobes further downslope. Image: Orthophotograph 2006 (Terralink, 2004-2010).



We mapped the distribution of talus-derived rock glaciers (including protalus rock glaciers, representing the early stages of permafrost creep; Shakesby, 1997) in the study regions based on a color orthophoto mosaic (Terralink, 2004-2010; pixel size 0.75 m, horizontal accuracy ±3–10 m) and Google Earth imagery available at mid-2010. The landforms were recorded as point features in ArcMap 9.3 (ESRI, 2009a) at the approximate rock glacier initiation line center point (Figure 3). For intricate rock glacier complexes, a single representative point feature was mapped as opposed to multiple features with similar topoclimatic characteristics in proximity to each other. By mapping a single point, we avoided redundant information biasing the statistical evaluation of the relationship between permafrost presence and the topoclimatic variables.

For each rock glacier or rock glacier complex, the present activity state was recorded. Differentiation of active, inactive, and relict features was based on imagery interpretation using commonly recognized visual diagnostics, such as morphology, convexity, appearance of the upper surface, and steepness of the frontal slope (e.g., Barsch, 1996; Ikeda and Matsuoka, 2002; Roer and Nyenhuis, 2007). Spatially compact rock glacier complexes (Figure 3), comprising creep features of differing activity states, were classified in favor of the higher activity class (active or inactive, if applicable). For spatially extensive rock glacier sequences with comparatively small active or inactive landforms nested at the head area of large relict rock glaciers, two point features representing both rock glacier generations (active/inactive and relict) were mapped for completeness.

Differentiation of protalus rock glaciers from landforms with similar morphology, such as pronival ramparts (e.g., Shakesby, 1997), moraines, or landslide deposits, and visual determination of their activity status is often challenging. Therefore, care was taken to only map features where both the appearance of the protalus ridge as well as the landform assemblies of the wider environment suggested a permafrost-related genesis. The probability of present-day ice within the identified protalus rock glaciers was again judged exclusively on visual criteria. Only ramparts of conspicuous convexity were mapped as active. Similarly, tongue-shaped debris-covered features without the characteristic ridge-and-furrow topography (e.g., in the Inland Kaikoura Range, 42.016° S, 173.633° E) were omitted from the inventory due to a possible glacial origin. Geophysical field investigations would be necessary to clarify whether these features are debris-covered glaciers or permafrost creep without significant transpression and buckle folding.

Model Training

We used logistic regression to identify typical MAAT and solar radiation values at the location of active rock glaciers and thus modern permafrost occurrences. The regression model was calculated in SPSS 20 (IBM Corp, 2011); additional model quality measures were computed in ROC-AUC (Schroeder, 2003). Moran's I test for spatial autocorrelation was performed in ArcGIS 9.3 (ESRI, 2009a).

Principles of Logistic Regression

Logistic regression models are generalized linear models that predict the conditional probability for a dichotomous outcome (variable Y) to occur [e.g., permafrost present (1), permafrost absent (0)] based on a set of explanatory variables X (Peng and So, 2002). Since the dichotomous outcome Y can take only one of two values, the relationship between Y and an independent variable Xn is “S-shaped.” Binary values violate the basic assumption of linear regression models that the relationship between predictor and outcome variable is linear. To address this violation, logistic regressions calculate conditional probabilities as the natural logarithm of the odds of Y taking a specific value (referred to as logit or log-odds):
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where P(Y = 1) is the probability of outcome Y taking the value 1, B0 the intercept, and Bn the regression coefficient of the explanatory variable Xn. This way, the “form” of the relationship becomes linear while the relationship itself stays non-linear. Solving for P(Y = 1), a multivariate global logistic regression model can thus be described by the equation:
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where e is the base of the natural logarithm.

Dependent Variable – Active and Relict Rock Glaciers

Active and relict talus-derived rock glaciers (including protalus rock glaciers) were used as a dichotomous dependent variable in the regression model, representing permafrost presence (1) and permafrost absence (0) at the sample locations. Where active rock glaciers occur nested in larger relict rock glaciers, we included only the active rock glaciers in the regression analysis, as both features would be characterized by similar topoclimatic conditions and thus bias statistical relationship analyses.

Although by definition inactive rock glaciers also indicate the presence of permafrost, their utilization for predictive permafrost models is questionable. Firstly, the differentiation of inactive rock glaciers from active or relict features is generally difficult based on visual interpretation of remotely sensed imagery alone and thus inherently associated with high uncertainty (cf. Nyenhuis, 2006). Consequently, in practice, the category “inactive” also comprises ambiguous cases, where visual characteristics do not quite fit either the active or the relict rock glacier description. Secondly, inactivity can be due both to deteriorated climatic conditions or reduced sediment supply (climatic vs. dynamic inactivity, e.g., Barsch, 1996). Differentiation between these two inactivity states is only possible by field assessment of the local temperature regime and debris/ice supply conditions. While climatically inactive rock glaciers might be indicators of permafrost presence, as they still contain—albeit degrading—ice, they are inadequate for characterizing favorable topoclimatic conditions for permafrost presence. For these reasons, inactive rock glaciers were omitted from the regression analysis. This approach is supported by the modeling results of Nyenhuis (2006), who compared the predictive power of permafrost distribution models using different combinations of active, inactive, and relict rock glaciers as input data. Nyenhuis (2006) model based solely on active and relict rock glaciers had the highest predictive power.

Independent Variables – MAAT and Solar Radiation

Spatially-distributed information on MAAT [°C] was modeled for the standard climate period 1971–2000 by spatially interpolating and altitudinally extrapolating daily temperature data from nearby climate stations available in the National Climate Database (NIWA, 2010). Daily temperature data from available stations was (1) lapsed to sea level, using a constant lapse rate of 5°C km−1 [conforming with Norton's (1985) empirical New Zealand-wide average lapse rate; see below] and a 25 m digital elevation model (DEM; Barringer et al., 2002) for elevation information, (2) interpolated between the stations to create a reference surface, and (3) extrapolated to the elevation of each grid point. For computational reasons (large data quantity over large areas), the grid resolution was set to 100 m. This generalization was considered reasonable, given that MAAT only moderately decreases over short distances.

Uncertainty exists in the selection of an appropriate lapse rate for regional temperature modeling in the Southern Alps. Measurements of near-surface lapse rates in the Southern Alps are rare, impeded by the low density of long-term climate stations at elevations of ~1000 m asl and the complete absence of stations at summit height. Existing calculations between lowland and high-altitude observations suggest mean values lower than the standard environmental lapse rate of 6.5°C km−1 (Barry, 2008), but comparable to long-term observations in other mountain ranges (e.g., Rolland, 2003, European Alps, 5.4–5.6°C km−1) and consistent with a cloudy, humid, maritime climate. Norton (1985) calculated a mean annual lapse rate of 5°C km−1 from temperature data (1950–1980) from 301 New Zealand climate stations. Similar values were reported from short-term measurements at the Franz Josef Glacier by Anderson et al. (2006, 5°C km−1) and for the Ben Ohau Range by Doughty (2013, 5.4°C km−1), although the latter noted that the annual mean was influenced by large seasonal variability, especially winter temperature inversions. Tait's (2010) comparison of different temperature interpolation methods for the Southern Alps supports the use of the 5°C km−1 gradient for regional-scale distributed MAAT modeling. Based on these observational studies, we consider the use of a lapse rate of 5°C km−1 reasonable for the present study.

Spatially-distributed solar radiation [kWh m−2] was calculated in ArcGIS 9.3 (ESRI, 2009a) using the “Area Solar Radiation” tool and a 15 m DEM (Columbus et al., 2011). The underlying model accounts for both DEM tiles' latitude as well as local viewshed and thus enables the identification of variations in insolation on catchment scale. Information on the tool itself and employed algorithms are published in Fu and Rich (2000) and the ArcGIS online resources (ESRI, 2009b). Insolation sums were calculated for the snow-free period December to May (inferred from ground surface temperature observations in the Ben Ohau Range, see below), since incoming shortwave radiation influences subsurface temperatures only in times of low albedo, i.e., when the ground is not covered by a reflective and insulating snow cover (e.g., Hoelzle, 1994). Due to lack of meteorological field data, default values representing general clear sky conditions were used as radiation parameter inputs (uniform diffuse radiation model, diffuse proportion 0.3, and transmittivity 0.5). The grid resolution was kept at 15 m to acknowledge the high spatial variability of insolation in mountain areas.

Model Evaluation

The modeled permafrost extent was evaluated by winter equilibrium temperatures at the snowpack base derived from continuous ground surface measurements using miniature data loggers in the head area of Irishman Stream valley, central Ben Ohau Range (Figure 1). The Irishman Stream valley was selected as an evaluation site based on the presence of extensive high-altitude debris slopes of all orientations, as well as the presence of active rock glaciers indicating that the area intersects the permafrost zone.

The use of winter equilibrium temperatures derived from data loggers as a permafrost indicator builds on Haeberli's (1973) bottom temperature of the winter snow cover (BTS) method for permafrost mapping. Both methods are based on the low thermal conductivity of a sufficiently thick snow cover (>80–100 cm), which insulates the subsurface from air temperature variations during the winter months (e.g., Haeberli, 1973; Brenning et al., 2005). During that time, temperatures at the snowpack base, i.e., ground surface temperatures, are mainly controlled by heat transfer from below and thus they are influenced by the presence or absence of permafrost. Ground surface temperatures above permafrost have been observed to reach an equilibrium toward the end of the winter season (i.e., before the onset of the snow melt) generally below −3°C (e.g., Haeberli, 1973, 1978; King, 1983). At locations without permafrost, surface temperatures commonly leveled out above −2°C. From these observations, the BTS interpretation guidelines were derived (Hoelzle, 1992), where temperatures below −3°C indicate probable permafrost presence, temperatures between −2 and −3°C possible permafrost presence, and temperatures above −2°C improbable permafrost presence. BTS measurements are traditionally conducted in late-winter field campaigns, using long thermistor probes to assess winter equilibrium temperatures at the snowpack base (e.g., Lewkowicz and Ednie, 2004). More recently, winter equilibrium temperatures are increasingly inferred from continuous ground surface temperature measurements by data loggers (e.g., Hoelzle et al., 2003; Schöner et al., 2012). The continuous recordings allow the evaluation of the ground surface temperature development throughout the winter season and thus enable an informed judgment on the reliability of inferred winter equilibrium temperatures. The empirical temperature interpretation thresholds have to be considered only indicative as winter equilibrium temperatures vary interannually due to snow cover history (e.g., Imhof et al., 2000; Hoelzle et al., 2003; Brenning et al., 2005) and can be modified by local factors such as air advection processes (e.g., Lambiel and Pieracci, 2008). However, BTS and winter equilibrium temperatures derived from continuous measurements have been successfully applied in many mountainous regions for permafrost investigations (e.g., Swiss Alps: Hoelzle, 1992; Southern Norway: Isaksen et al., 2002; Yukon Territory, Canada: Lewkowicz and Ednie, 2004; Austrian Alps: Schöner et al., 2012; Southern Carpathians, Romania: Onaca et al., 2013).

We inferred winter equilibrium temperatures from 23-month continuous ground surface temperature measurements by HOBO® Pendant Temperature/Light Data Loggers (UA-002-08; 0.5°C accuracy and 0.1°C resolution at 0°C) at 44 sites at the head of the Irishman Stream valley. A preliminary permafrost distribution estimate, derived from the mean toe elevation of intact rock glaciers mapped in the Ben Ohau Range, was used to identify suitable monitoring sites. Thirty-four data loggers were distributed in longitudinal profiles on slopes of eight aspect classes, another seven placed in different surface cover types along the valley floor, and three loggers installed on active rock glaciers to exemplify the annual ground surface temperature evolution above permafrost occurrences. Winter equilibrium temperature was calculated as the mean ground surface temperature of the first fortnight (1st–14th) of September, a period when, at most monitoring sites in both winter seasons, the ground surface temperature was steady before the onset of snow melt.

The use of continuous ground surface temperature recordings for winter equilibrium temperature assessment was vital for the present study, as neither BTS nor continuous temperature measurements had previously been tested for permafrost mapping in the Southern Alps. A primary concern was that the intermittent melt periods characteristic of New Zealand's alpine winter conditions might not adequately decouple the subsurface from atmospheric influences. Consequently, ground surface temperature would not reach an end-of-winter equilibrium. This behavior has been observed in Iceland (Etzelmueller et al., 2007), preventing the use of BTS or data logger derived winter equilibrium temperatures for permafrost prospecting in the Icelandic mountains.

RESULTS

Rock Glacier Inventory

Overall, 382 talus-derived rock glaciers were mapped in the central Southern Alps and the Inland Kaikoura Range (Figure 4; see Supplementary Material for inventory in tabular form). The majority (88%) of the rock glaciers (or rock glacier complexes) were well-developed with one or more distinct lobes. The remaining 12% of the mapped features were interpreted as protalus rock glaciers. Almost a fifth of all rock glaciers (19%) were thought to be active; a quarter (23%) were interpreted as inactive. The majority (58%) of the mapped rock glaciers were classified as relict features that no longer contain ice.


[image: image]

FIGURE 4. Rock glacier inventory for the Canterbury Region, separated into seven topographic regions. The western (and equally upper altitudinal) boundary of rock glacier occurrence in the Canterbury Southern Alps corresponds well with Lamont et al.'s (1999) equilibrium line altitude (ELA) estimates of 2000–2200 m for the eastern ranges. Glacier extent: Randolph Glacier Inventory 5.0 (GLIMS/NSDIR, 2015), elevation data: 25 m DEM, Barringer et al. (2002), coastline and regional boundaries: Statistics New Zealand (2013).



The distribution of rock glaciers in the Southern Alps conforms with the temperature- and precipitation constrained distribution patterns commonly described in the literature (e.g., Haeberli, 1985; Barsch, 1996; Humlum, 1998). Rock glacier occurrence in the Southern Alps is characterized by a distinct western boundary ~20 km east of the Main Divide (Figure 4). This boundary corresponds well with Lamont et al.'s (1999) estimates of glacial equilibrium line altitudes of 2000–2200 m asl in the eastern ranges, supporting the general assumption that talus rock glaciers predominantly occur in cold areas too dry for glacier maintenance. The temperature constraint on rock glacier distribution is evident when plotting the rock glacier initiation line altitude of active and relict features against rock glacier orientation (Figure 5A), demonstrating a vertical trend with active rock glaciers occurring at higher elevations than relict rock glaciers. The scatterplot further confirms an aspect dependence, with active features occurring at higher elevations in northern, sun-facing orientations. The observed variations in the location of active and relict rock glacier sites according to altitude and aspect support the use of the underlying environmental controls MAAT and solar radiation for predictive permafrost modeling at catchment scale. Furthermore, the selected modeling approaches for MAAT and solar radiation appear adequate, as the altitude- and aspect-dependency in the distribution of active and relict features is reproduced when plotting the estimated MAAT at the rock glacier initiation line against solar radiation (Figure 5B). Both active and relict features are more numerous at locations with comparatively low insolation totals, but active rock glaciers exist at colder temperatures, highlighting temperature as the influential discriminating factor between permafrost presence and absence at rock glacier sites.
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FIGURE 5. Differences between active and relict rock glaciers in initiation line altitude and orientation (A) and mean annual air temperature and potential incoming solar radiation in snowfree months (B).



Regression Model

Statistical analysis was based on a dataset of 71 active and 209 relict rock glaciers and their respective topoclimatic attributes. The three active rock glaciers mapped in the Inland Kaikoura Range (see Figure 4) were omitted from the analyses to avoid potential bias of the regression results. In this region no relict features were mapped and inclusion of the region would unduly influence comparison of permafrost favorable and unfavorable topoclimatic conditions.

The regression model's overall fit as well as all coefficient estimates were highly significant (bootstrap p < 0.001, Table 1). The results indicate that MAAT and solar radiation adequately predict the presence of active rock glaciers. Multicollinearity statistics (variance inflation factor) indicate the absence of correlation between the predictor variables biasing the coefficient estimates. Moran's I analysis showed regression residuals are spatially independent (Moran's I = 0.059, p = 0.507) and parameter estimates thus unbiased by spatial autocorrelation of observations. As expected, both MAAT and solar radiation are negatively related to permafrost occurrence. In other words, the lower both MAAT and solar radiation at the rock glacier initiation line, the higher the probability that the mapped feature is still active. Recalculation of the regression model with standardized predictor variables confirms MAAT as the more influential discriminating factor between permafrost presence and absence at rock glacier sites (cf. Section Rock Glacier Inventory) with MAAT (BZ = −5.286, p < 0.001) having a more than three times larger effect on the calculated permafrost probability than solar radiation (BZ = −1.556, p < 0.001).

Table 1. Logistic regression output, dataset characteristics, and validation statistics.
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Validation criteria suggest that the regression model achieves a high predictive accuracy (Table 1). The area under the curve (AUC) score of 0.984 indicates an excellent discriminative ability between permafrost presence and absence (Hosmer and Lemeshow, 2000). This is also shown by the high overall correct classification rate (CCRTOTAL) of 94.3%, assuming the common cutoff value of 0.5. However, the difference between correctly classified presence (CCR1 = 87.3%) and correctly classified absence (CCR0 = 96.7%) signals that the model performs better at predicting permafrost absence than permafrost presence.

Permafrost Distribution in the Southern Alps

Spatially-distributed conditional probabilities of permafrost presence were computed in ArcMap 9.3 with raster calculator, inserting the regression's coefficient estimates (Table 1) in Equation (2). A probability threshold of 0.6 was chosen to discriminate between “permafrost probable” (P ≥ 0.6) and “permafrost improbable” (P < 0.6) locations and thus for delineating the potential permafrost extent. This classification cutoff is slightly more conservative than values used in other probability-based permafrost distribution estimates (e.g., Lewkowicz and Ednie, 2004; Janke, 2005; Ridefelt et al., 2008), but coincides with the optimal cutoff of 0.598, calculated with the software program ROC-AUC (Schroeder, 2003) as the threshold at which the regression model achieves maximum correct classification rates (CCRTOTAL = 94.6%) for the analyzed rock glacier inventory.

For a general altitudinal characterization of the potential permafrost extent in the Southern Alps, the predictive model was applied to the seven regions of rock glacier occurrence (Figure 6), signifying the areas of highest reliability of the developed model given the presence of permafrost indicators. Frequency analysis of the calculated probabilities revealed that topoclimatic conditions were, in the majority of locations, either highly favorable for permafrost occurrence (P ≥ 0.9) or not favorable (P < 0.6). The lack of notable spatial transition zones between these probability classes (Figure 6C) arises from pronounced vertical changes in MAAT (i.e., the dominant predictor) in the generally steep terrain of permafrost favorable areas in the Southern Alps. Likelihood values of 0.6–0.7 were particularly rare, occurring largely as a thin spatial band around the lower rim of the modeled permafrost extent (cf. Figure 6C). Their confined spatial distribution allows the inference of mean lower limits of the modeled permafrost distribution (Table 2). In the central ranges of the Southern Alps, permafrost is probable above 1866 m asl on south-facing slopes and above 2120 m asl on north-facing slopes; the average lower boundary of permafrost occurrence lies at 2000 m asl. In the Inland Kaikoura Range, the calculated limits are higher: Permafrost is probable above 2062 m asl on south-facing slopes and above 2261 m asl on north-facing slopes with a mean lower limit of 2148 m asl.
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FIGURE 6. Permafrost probability distribution in the central rock glacier regions (A), the Inland Kaikoura Range (B), and the Tapuae-o-Uenuku (▴) area (C). In panel (A), the rectangle signifies the location of the winter equilibrium temperature (WEqT) measurement sites. In panel (C), rock faces are masked by removing areas with a gradient ≥ 40° from the probability layer. Glacier extent: Randolph Glacier Inventory 5.0 (GLIMS/NSIDR, 2015), background: hillshade of 25 m DEM, Barringer et al. (2002).



Table 2. Elevation summary [m asl] for locations with permafrost probability between 0.6 and 0.7 according to aspect classes as well as averaged over all orientations, representing the estimated lower limit of the potential permafrost extent in the central Southern Alps and the Inland Kaikoura Range.
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Comparison with Winter Equilibrium Temperatures

The 2-year ground surface temperature records revealed a high interannual variability in (1) the distribution of sites with ground surface temperature profiles suitable for winter equilibrium temperature interpretation, and (2) inferred winter equilibrium temperatures (Figures 7A,B). A stable winter equilibrium temperature developed each year at roughly a third of the monitoring sites; however, the distribution of these sites differed significantly between the years. Inferred winter equilibrium temperatures for 2011 indicated generally colder temperatures than the previous winter. The lower temperatures likely resulted from a later onset of snow insulation in 2011 (Figure 8).
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FIGURE 7. Winter equilibrium temperature (WEqT; A,B) and inferred permafrost probability (C,D) at the ground surface temperature monitoring sites in the Irishman Stream area for winter 2010 and 2011. In panel (C,D), rock faces are masked by removing areas with a gradient ≥ 40° from the modeled permafrost extent. The modeled permafrost extent matches the WEqT-indicated permafrost sites well, suggesting a reasonable model output. Basemap: Orthophotograph 2006 (Terralink, 2004-2010).
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FIGURE 8. Twenty-three month record of ground surface temperature development at site E5 (for location see Figure 7A), illustrating the influence of snow cover conditions in early winter on winter equilibrium temperatures (WEqT). Gray vertical bars signify the WEqT measurement periods; calculated WEqT are given at the bottom of the bars.



Brenning et al. (2005) consider years with thermal regimes affected by early snow cover development better suited for winter equilibrium temperature interpretations than those characterized by significant ground cooling prior to the development of an insulating snow cover. However, given that the former is likely to produce warmer temperatures than the “true” equilibrium temperature, Brenning et al. (2005) recommend adjusting inferred winter equilibrium temperatures according to mean deviations from the long term average characteristic for the respective thermal regime. Such corrective measures were not possible in the present study given the short period of ground surface temperature records. Instead, the winter equilibrium temperatures for the two seasons are interpreted as describing two “end member” distribution patterns, with the warmer 2010 temperatures representing conservative estimates of permafrost presence at the investigation sites and the colder 2011 values illustrating a more liberal approximation.

Overall, the modeled permafrost extent reasonably matches the winter equilibrium temperature-indicated permafrost sites (Figures 7C,D). The strong aspect control on permafrost occurrence suggested by the model for the validation area is supported by the distribution of the possible and probable permafrost sites. Winter equilibrium temperatures from 2011, which might be biased toward lower temperatures, did not indicate permafrost occurrences outside the modeled extent. However, only a few sites below the modeled extent showed ground surface temperature development suited for winter equilibrium temperature interpretation that year. The potential permafrost extent according to the liberal winter equilibrium temperature scenario is therefore untested. The winter equilibrium temperature-indicated permafrost presence at the frontal lobe of the western rock glacier (“RG2” in Figure 7A) forms an exception in this context. The permafrost model was purposely based on topoclimatic conditions at the head of active rock glaciers to avoid overestimating the potential permafrost extent due to the mobility of rock glaciers and their ability to preserve permafrost even in topoclimatically hostile locations. The presence of an active rock glacier extending beyond the modeled lower distribution limit therefore supports the idea that the model provides a conservative estimate of the permafrost distribution. Likewise, winter equilibrium temperature measurements suggesting the absence of permafrost at locations for which high permafrost probabilities were predicted do not falsify the model results. These deviations are rather an expression of the high local variability of permafrost (e.g., Lambiel and Pieracci, 2008), which in reality is strongly influenced by thermal properties of the surface and subsurface material, aspects that were not considered in our low-order catchment-scale distribution estimate.

DISCUSSION

Use and Limitations of the Model

Our model demarks potential permafrost areas in the Southern Alps at catchment scale (e.g., Figure 6) and characterizes lower permafrost distribution limits in this maritime setting (Table 2). Based on a spatially extensive rock glacier inventory that covers a significant proportion of the mountain chain's high-altitude areas, the model is likely applicable in all of the Southern Alps. However, as rock glaciers belong to the debris domain, inferred conditional probabilities are strictly-speaking only valid for evaluating permafrost occurrences in debris-mantled slopes. The combination of our model with an extended, regionally-applicable version of Allen et al.'s (2009) bedrock permafrost distribution model would provide a complete debris-bedrock permafrost estimate for the Southern Alps, similar to Boeckli et al.'s (2012) model for the European Alps.

The largest uncertainty in our model results from the use of a spatially-uniform lapse rate for temperature extrapolations. Although observational studies in the Southern Alps support the use of a 5°C km−1 lapse rate for regional temperature modeling (cf. Section Independent Variables – MAAT and Solar Radiation), it is nonetheless well-known that near-surface lapse rates vary both in time (e.g., Rolland, 2003; Doughty, 2013) and space (e.g., Pepin et al., 1999; Minder et al., 2010). Allen et al. (2009) calculated a mean annual lapse rate of 6°C km−1 close to the Southern Alp's Main Divide and 7°C km−1 for a drier location 10 km further east from 12-month records of two high-altitude station pairs. Their results indicate significant changes in lapse rates over short distances, presumably corresponding to the region's strong gradients in humidity-related parameters such as rainfall and cloud cover. However, translation of these observations into regional-scale estimates of surface lapse rates, suitable for utilization in our model, would require a more extended set of measurements over a larger area (cf. Minder et al., 2010). Calculations would further need to take into account seasonal and interannual variability in climate resulting from the influence of, for instance, the El Niño Southern Oscillation and Southern Annular Mode. Both would be challenging, given the low density of suitable climate observations in the Southern Alps; more high-elevation stations are urgently needed.

Comparison to Other Permafrost Distribution Studies

Our results indicate that climatic conditions are favorable for permafrost occurrence above ~2000 m asl (± ~100 m) in the central Southern Alps (Table 2). This finding fits well with previous estimates by Brazier et al. (1998) and Gorbunov (1978) which were derived by different means. The higher altitudinal limit of 2148 m asl (± ~70 m) calculated for the Inland Kaikoura Range represents the shift of suitably cold climatic condition to higher elevations at the warmer top of the South Island, conforming with the global trend of increasing elevational permafrost limits with decreasing latitude (e.g., Cheng and Dramis, 1992).

This latitudinal trend is also evident when comparing the altitudinal distribution of the Southern Alps' rock glacier inventory to that of other published datasets (Figure 9). For example, the mean rock glacier initiation line altitude of active rock glaciers in New Zealand is lower than in the Nepal Himalaya (Regmi, 2008), but higher than in Canada (Page, 2009) or Alaska (Wahrhaftig and Cox, 1959). Interestingly, both rock glacier-related and modeled altitudinal limits (Figure 9) are significantly lower in the maritime Southern Alps than in the continental European Alps (Haeberli, 1975, 1996; Schrott et al., 2012) despite being located at comparable latitudes. Similar deviations are evident for estimated permafrost limits in the Japanese mountains (Matsuoka, 2003) and rock glacier occurrence in the Antarctic South Shetland Islands (Serrano and López-Martıìnez, 2000), all situated within 100 km of the coast. The deviations are also present, but less pronounced in the Yukon dataset (Page, 2009) with active rock glaciers in the Kluane Ranges occurring at lower altitude than in the ~480 km further inland situated Bonnet Plume Range.
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FIGURE 9. Comparison of the Southern Alps' lower permafrost distribution limits to data from selected other temperate climate regions according to distance to sea. Full circles (•) represent limits derived from the mean rock glacier initiation line altitude of active features; sources: Nepal, Kumbu Himal, Regmi (2008); USA, Front Range, Janke (2007); Switzerland, Graubünden, Haeberli (1975); Canada, Yukon, Page (2009); Southern Norway (active and inactive rock glaciers), Lilleøren and Etzelmüller (2011); USA, central Alaska Range, Wahrhaftig and Cox (1959); South Shetland Islands, Serrano and López-Martıìnez (2000). Full triangles (▴) represent limits derived from distribution models; sources: Austria, Hohe Tauern (steep slopes, probable permafrost limit), Schrott et al. (2012); Switzerland (steep slopes, possible permafrost limit), Haeberli (1996). Empty circles (◦) represent limits derived from permafrost observations in the Japanese Alps, published in Matsuoka (2003). Dashed line represents the dataset's average polewards decrease in permafrost limits of 72 m per degree latitude.



These differences suggest the presence of an oceanic control on global permafrost distribution limits in addition to the well-acknowledged latitudinal control. A possible influence is the effect of moderate annual temperature amplitudes, characteristic for maritime climates (cf. Sturman and Wanner, 2001, see also Figure 2), on the preservation of permafrost. Low summer maxima may significantly reduce ground warming and ice loss during the warm seasons (cf. Brazier et al., 1998), facilitating the existence of permanently frozen ground at lower altitudes. Establishing the underlying climatic controls would require physical models that include all energy fluxes above maritime permafrost occurrences (e.g., Luetschg et al., 2008; Staub et al., 2015). Such energy balance studies, accompanied by long-term ground temperature, surface temperature, and snow cover monitoring, would further allow exploring the effect of maritime snow conditions on long-term subsurface temperature evolution. A frequent occurrence of significant subsurface cooling before snow cover onset, as observed at the winter equilibrium temperature monitoring sites in 2011 (Figure 8) but also common in other mountain ranges (cf. Brenning et al., 2005), may counteract the efficient insulation by thick maritime snow packs, seen by Gruber and Haeberli (2009) as the limiting factor of perennially frozen debris in maritime settings.

A lower than expected limit of permafrost extent in the Southern Alps is also suggested by the comparison of Gruber's (2012) permafrost zonation index map for the Southern Alps and our distribution estimate (Figure 10). Our model results are in good agreement with Gruber's “fringe of uncertainty” extent, which represents a “more conservative than normal” scenario that considers the possibility of <10% permafrost area also where MAAT is positive. Our estimate is more refined, since it is based on the regression of Southern Alps field observations. Hence it appears that the cold variant assumption is more appropriate for the application of Gruber's (2012) model in New Zealand than its normal assumption. Comparison of the global permafrost zonation index maps to distributed permafrost models in other maritime mountain ranges might reveal a systematic underestimate of the permafrost extent in maritime settings by Gruber's (2012) model. Such a finding would lend further support to the idea that permafrost generally occurs at lower elevations in maritime settings.
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FIGURE 10. Comparison of this study's model results and Gruber's (2012) global permafrost zonation index for the Liebig Range and Two Thumb Range, central Southern Alps. The results indicate that Gruber's cold variant assumption may be more appropriate for the application of Gruber's (2012) model in New Zealand than its normal assumption. Background: hillshade of 15 m DEM, Columbus et al. (2011).



Positive MAAT at Active Rock Glacier Sites in the Southern Alps

Based on our temperature interpolations, utilizing a spatially uniform lapse rate of 5°C km−1, the head area of all active rock glaciers in the Southern Alps are situated below the mean annual 0°C-isotherm (range 0.3–2.7°C, median 1.8°C; cf. Figure 5B). Active rock glaciers in locations with positive MAAT have been occasionally reported from the Andes (Trombotto et al., 1997; Brenning, 2005), and from the maritime Falkland Islands (Birnie and Thom, 1982) and Iceland (Eyles, 1978). However, such observations are unusual by global standards (cf. Barsch, 1996; Humlum, 1998; Frauenfelder et al., 2003; Janke and Frauenfelder, 2008).

The positive MAAT at the Southern Alps' rock glacier sites may indicate that the lapse rate of 5°C km−1 used in this study is inappropriately low. For example, application of Allen et al.'s (2009) steeper lapse rates would place the mapped rock glaciers in the negative MAAT range associated with permafrost limits in other mountain regions, as illustrated by Brazier et al. (1998) for active rock glaciers in the Ben Ohau Range. However, several independent temperature datasets suggest that the modeled positive temperatures might not be unrealistic. MAAT interpolations underlying Gruber's (2012) model also indicate relatively warm temperatures at the mapped active rock glacier sites (range −1.4−2.8°C, median −0.1°C). Similarly, extrapolating MAAT observed at the short-term climate station in the Irishman Stream valley (“CS” in Figure 7A) to the rock glacier initiation lines of the two nearby rock glaciers, using Doughty's (2013) lapse rate of 5.4°C km−1 derived from this station, indicated positive temperatures (1.5 and 1.8°C, respectively). Lastly, extrapolating MAAT derived from the global WorldClim temperature dataset (Hijmans et al., 2005; 30 arc-seconds resolution, 1950–2000 temperature normals) to permafrost limits at the international permafrost sites, using the standard environmental lapse rate of 6.5° km−1 (Barry, 2008) and WorldClim's elevation dataset, suggests positive MAAT for New Zealand permafrost occurrences (Figure 11). Calculated temperature normals for the international permafrost sites are associated with high uncertainty, given the arbitrary placement of sample locations at the approximate center of the documented permafrost regions, averaging of climatic parameters within a 2 km radius to increase the regional representativeness of the point-derived information, and the use of a global lapse rate irrespective of local observations. Nonetheless, plotting the mean annual temperature range as a measure for continentality, calculated as the difference between WorldClim's mean temperatures of the coldest and warmest month, against MAAT at mean rock glacier initiation line altitudes and estimated lower permafrost limits suggests the presence of a global trend of increasing MAAT with increasing oceanity (Figure 11). The New Zealand datasets fit the indicated trend by showing the highest MAAT as the least continental location of the international permafrost sites.


[image: image]

FIGURE 11. Comparison of mean annual temperature range (MATR) and mean annual air temperature (MAAT) at mean rock glacier initiation line altitudes and estimated permafrost limits of the international permafrost sites. The comparison suggests the presence of a global trend of increasing MAAT at permafrost sites with decreasing continentality.



Applicability of Winter Equilibrium Temperatures for Permafrost Prospecting in New Zealand

Our ground surface temperature records suggest that winter equilibrium temperatures can potentially be used for permafrost prospecting in the Southern Alps. At approximately a third of the monitoring sites each year, snow pack conditions (height, wetness) were suitable for the development of winter equilibrium temperatures. However, our records demonstrated high interannual variations in both the distribution of sites with ground surface temperature profiles suited for winter equilibrium temperature interpretation and inferred winter equilibrium temperatures. Related to typically strong year-to-year variations in snow distribution as well as the timing of snow pack development, this variability has been identified as a critical limitation of winter equilibrium temperature interpretations in the past (e.g., Hoelzle et al., 2003; Brenning et al., 2005). Future studies in the Southern Alps should therefore be conducted by continuous data loggers to allow evaluation of the inferred winter equilibrium temperatures' reliability. Furthermore, winter equilibrium temperature interpretation thresholds should be tested using geophysical methods. Our attempts to verify permafrost presence at the monitoring sites by electrical resistivity tomography measurements (16 electrode GF Instruments Automatic Resistivity System, 5 m electrode spacing, various array configurations tested) during two field seasons were unsuccessful, most likely due to a combination of dry ground conditions toward the end of the summer and insufficient coupling between large blocks and electrodes at the talus footslopes. Improved resistivity measurement set-ups, utilizing water-saturated sponges in steel nets (e.g., Ishikawa, 2008) or the placement of electrodes into small holes drilled into rock (e.g., Kneisel and Hauck, 2008), might allow to overcome the technical challenges encountered in this study.

Systematic multi-scale sampling strategies, such as recently presented by Gubler et al. (2011), could provide large datasets of continuous ground surface temperature profiles allowing a scale-dependent analysis of winter equilibrium temperatures and their spatial variations. These datasets would represent a valuable addition to the limited number of rock glaciers currently available for the investigation of permafrost occurrence and distribution in the Southern Alps.

CONCLUSION

Our catchment-scale permafrost model provides a first-order estimate of permafrost distribution in debris-mantled slopes in the Southern Alps of New Zealand, demonstrating the characteristics of permafrost occurrences in a maritime setting. We derived the permafrost distribution model by regression of active and relict rock glaciers against MAAT and potential incoming solar radiation and evaluated the results against winter equilibrium temperature observations.

Our model results suggest that permafrost occurrence is likely above ~2000 m asl in the central Southern Alps and above ~2150 m asl in the Inland Kaikoura Range. The increase in lower distribution limits toward the warmer north of the Southern Alps reflects the global distribution trend of increasing altitudinal limits with decreasing latitude. However, an international comparison of rock glacier altitudes and modeled distribution limits in temperate mountain ranges suggests that distribution limits in the Southern Alps are unusually low. Reduced ice-loss due to moderate summer temperature extremes, characteristic for maritime climate, may facilitate the occurrence of permafrost at lower altitudes than, for example, in the continental European Alps at similar latitude. Empirical rules for permafrost occurrence derived in continental climates may consequently not be applicable in mountain ranges in proximity to oceans. We encourage further research to characterize the related climatic controls.
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