

[image: image1]
Size Distributions of Arctic Waterbodies Reveal Consistent Relations in Their Statistical Moments in Space and Time
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Arctic lowlands are characterized by large numbers of small waterbodies, which are known to affect surface energy budgets and the global carbon cycle. Statistical analysis of their size distributions has been hindered by the shortage of observations at sufficiently high spatial resolutions. This situation has now changed with the high-resolution (<5 m) circum-Arctic Permafrost Region Pond and Lake (PeRL) database recently becoming available. We have used this database to make the first consistent, high-resolution estimation of Arctic waterbody size distributions, with surface areas ranging from 0.0001 km2 (100 m2) to 1 km2. We found that the size distributions varied greatly across the thirty study regions investigated and that there was no single universal size distribution function (including power-law distribution functions) appropriate across all of the study regions. We did, however, find close relationships between the statistical moments (mean, variance, and skewness) of the waterbody size distributions from different study regions. Specifically, we found that the spatial variance increased linearly with mean waterbody size (R2 = 0.97, p < 2.2e-16) and that the skewness decreased approximately hyperbolically. We have demonstrated that these relationships (1) hold across the 30 Arctic study regions covering a variety of (bio)climatic and permafrost zones, (2) hold over time in two of these study regions for which multi-decadal satellite imagery is available, and (3) can be reproduced by simulating rising water levels in a high-resolution digital elevation model. The consistent spatial and temporal relationships between the statistical moments of the waterbody size distributions underscore the dominance of topographic controls in lowland permafrost areas. These results provide motivation for further analyses of the factors involved in waterbody development and spatial distribution and for investigations into the possibility of using statistical moments to predict future hydrologic dynamics in the Arctic.
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INTRODUCTION

Arctic permafrost lowlands are characterized by a complex network of freshwater ecosystems that include wetlands, streams, lakes, and ponds. Together these ecosystems provide essential ecological and economic services to northern communities (Vincent et al., 2012; Wrona and Reist, 2013), are part of the global habitat network for migratory birds, and release a substantial quantity of methane and carbon dioxide into the atmosphere (McGuire et al., 2009; Wik et al., 2016; Anthony et al., 2018).

Arctic permafrost lowlands contain some of the highest concentrations of waterbodies (in terms of both surface area and number) of all landscapes globally (Lehner and Döll, 2004; Papa et al., 2010; Verpoorter et al., 2014). This abundance is due to limited drainage and runoff – the combined effects of an almost impermeable layer of permafrost and low gradient topography. However, feedbacks between a warming climate, permafrost thaw, erosion rates, and changes in vegetation have caused significant changes to these waterbodies over decadal timescales (Avis et al., 2011; Karlsson et al., 2015; Boike et al., 2016).

Waterbodies in the Arctic range in size from very small ponds a few meters across to very large lakes covering several square kilometers (Muster et al., 2013, 2017). The most abundant waterbodies in the Arctic are small and shallow; they typically are of tens of meters or less in length and less than 2 m deep (Muster et al., 2013, 2017; Langer et al., 2015). Although small waterbodies do not cover a large area compared to large waterbodies, they do have a significant impact on the landscape’s energy (Langer et al., 2016) and carbon (Laurion et al., 2010; Rautio et al., 2011; Abnizova et al., 2012; Winslow et al., 2014; Langer et al., 2015) balances. Smaller waterbodies have larger sediment-water, land-water, and water-air contact zones per unit volume by comparison with larger lakes, which results in high biogeochemical reactivities (Rautio et al., 2011). Together, they may potentially affect global greenhouse emissions (Tranvik et al., 2009; Laurion et al., 2010; Wik et al., 2016; Walter et al., 2016).

Accurate information on waterbody size distributions (i.e., the number of waterbodies within specific size bins) is therefore essential for understanding and predicting the hydrological and biogeochemical dynamics of Arctic landscapes. Previous modeling of Arctic lake development has revealed that simulations improve by the inclusion of dynamic sub-grid scale waterbody size distributions (Avis et al., 2011; Van Huissteden et al., 2011; Langer et al., 2016). However, both mapping inventories and modeling approaches have mainly focused on lakes larger than 0.01 km2 because of limitations associated with available satellite imagery (Verpoorter et al., 2012, 2014; Jun et al., 2014; Paltan et al., 2015; Pekel et al., 2016).

Approaches have therefore been sought to estimate the coverage and temporal development of smaller waterbodies on a global scale. One approach used previously was to presume a scale-free size distribution described by a power law, to estimate the distribution’s parameters from the available low-resolution data and to extrapolate the distribution to smaller waterbody sizes (e.g., Downing et al., 2006; Zhang et al., 2009; Kastowski et al., 2011; Lewis, 2011). Another approach was to identify spatial variations in waterbody size distributions in order to extrapolate size distributions from one region to another via a set of environmental parameters (Smith et al., 2007; Paltan et al., 2015). Waterbody size distributions can also be described by their statistical moments (i.e., the mean, variance, and skewness of the distribution). Statistical moments have been used to identify spatial and temporal variations in many fields of environmental research, e.g., for sediment grain sizes (Folk and Ward, 1957; McLaren and Bowles, 1985), rain droplet sizes (Tapiador et al., 2014), and soil moisture content (Hu et al., 1997; Famiglietti et al., 1998; Brocca et al., 2007; Li and Rodell, 2013; Riley and Shen, 2014; Ji et al., 2015).

The new Permafrost Pond and Lake (PeRL) database provides high-resolution (5 m or better) information on current and historical waterbody surface areas – which we will refer to as “size” throughout this paper (Muster et al., 2017). With the availability of the PeRL database we are now in a position to characterize and analyze waterbody size distributions in the Arctic, including for the first time waterbodies as small as 0.0001 km2. Here, we used statistical moments to investigate (1) current waterbody size distributions in 30 Arctic permafrost lowland regions, (2) spatial factors affecting these distributions, and (3) the change in distributions over time in two regions on the Northern Seward Peninsula in Alaska.

STUDY REGIONS

Our study regions are located throughout the Arctic on the Canadian Shield, the Alaskan and Canadian coastal lowlands, the three largest Arctic deltas, and the western and eastern Siberian lowlands, spanning latitudes from 60.9°N to 73.5°N (Figure 1 and Supplementary Table 1). Mean annual air temperatures in the study region range from –12.6 to –1.0°C (averaged from 1979 to the year of waterbody classification) and the total annual precipitation ranges from 97 to 427 mm (Supplementary Table 2). The regions are located within the continuous, discontinuous, and sporadic permafrost zones (Figure 1) and feature both ice-poor soils (ground ice content < 10 vol%) and ice-rich soils (ground ice content > 50 vol%) (Supplementary Table 3). They include both landscapes that were glaciated at the time of the last glacial maximum and those that were not (Dyke et al., 2003; Hughes et al., 2016), as well as different types of surface geology (Marshall and Schut, 1999; Stolbovoi and McCallum, 2002; Jorgenson et al., 2008).
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FIGURE 1. Location of study regions in the Arctic.



The study regions feature a great variety of waterbody types, sizes, and shapes that have formed in response to their permafrost, topographic, and geological histories (Figure 2). In terrain that was unglaciated at the time of the last glacial maximum, surface ponding occurs as a result of a combination of low topographic gradients and a near-impermeable permafrost layer. Thermal interactions between water and the frozen ground then cause further ground ice melt and subsidence, so that ponds grow both in size and depth as the underlying permafrost boundary is degraded. These thermokarst ponds and lakes are typical of the ice-rich peatlands in Russia, the Alaskan coastal plain (Figure 2c), and the coastal lowlands of Canada (Figure 2d) (Grosse et al., 2013). Here, pond and lake patterns can be either random or regular (for example, the polygonal tundra in the Lena Delta in Siberia or on the Barrow Peninsula in Alaska – Figures 2a,b). Regions such as the Canadian Shield that were glaciated during the late Pleistocene are mainly characterized by postglacial and proglacial waterbodies that typically form linear patterns (Figure 2e), which are the result of glacial scour, bedrock erosion, and glacial deposition (Shilts et al., 1987). Riverine systems such as the Mackenzie Delta in Canada, feature a highly interconnected hydrological network with flood-plains, oxbow lakes, and thermokarst ponds and lakes (Figure 2f).
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FIGURE 2. Waterbody patterns in different permafrost regions. (a) First terrace, Lena Delta, Russia – inset shows details of typical polygonal ponds; (b) Wainwright Lower Coastal Plain, Barrow Peninsula, Alaska; (c) Tanzin Lake Uplands, Canada; (d) Mackenzie Delta West, Canada; (e) Kotzebue Sound lowlands, Seward Peninsula, Alaska; and (f) Eskimo Lakes, Canada. Images (a,b) show the near-infrared band from KOMPSAT-2. Image (e) shows near-infrared image from SPOT-5. Images (c,d,f) are TerraSAR-X images© DLR 2013.



MATERIALS AND METHODS

Preprocessing of Satellite Data and Aerial Photographs

We used waterbody maps from the PeRL database by Muster et al. (2017) for the assessment of waterbody size distributions. PeRL waterbody maps provide areas of open water. Many shallow ponds and pond or lake margins are characterized by vegetation growing or floating in the water. This type of water with vegetation could not be classified from the singleband imagery, which was the main source for PeRL classifications (Muster et al., 2017). Open water, on the other hand, can be classified confidently with high accuracy from most imagery. Accuracy of the waterbody maps ranged from 89% to more than 95% (Muster et al., 2017). Accuracy was assessed using ground surveys of lakes and ponds or aerial imagery with resolutions of less than 1 m.

For this study, we selected PeRL waterbody maps with areal extents greater than 99 km2 and high classification quality. Classification quality was considered inadequate in two cases: (1) very large maps with many artifacts (e.g., shadows, rivers, streams etc.) where manual removal was not feasible and (2) manually digitized maps that could not ensure a complete account of small waterbodies. Thirty study regions were selected: 11 in Alaska, 7 in Canada, and 12 in Russia (Supplementary Table 1). Selected classifications are based on images acquired in the years between 2002 and 2013. In order to reduce the impact of inundation following snowmelt only classifications from between July and September were considered. The selected PeRL waterbody maps were derived from radar imagery (TerraSAR-X, ORRI), optical satellite imagery (Corona, GeoEye, QuickBird, WorldView-1 and -2, KOMPSAT-2), or from aerial photography. Areas of open water were extracted using a density slice or an unsupervised k-means classification in ENVI software (v4.8) on the panchromatic or near-infrared band for optical data and the X-Band (HH-polarization) for the TerraSAR-X data. Full descriptions of the image properties and the classification procedures used can be found in Muster et al. (2017). Classifications were converted from raster representations to vector representations (ESRI shape-files). The shape-files were then manually edited to remove rivers, streams, ocean in coastal areas, waterbody fragments at the image boundaries, and cloud or topographic shadows. Waterbodies smaller than 0.0001 km2 – corresponding to 4 pixels at the lowest resolution of 5 m – were removed from all datasets.

Statistical Analysis

Statistics such as the areal fraction of surface water, or the mean surface area of waterbodies within a region, are meaningful measures to use for comparisons between individual study regions. However, such statistics are influenced by technical differences used to derive the waterbody maps; i.e., the remote sensing imagery used to map the waterbodies in the study regions varied in both resolution and coverage. The image resolution defines the minimum object size that can be confidently mapped while the coverage defines the maximum object size that can be captured. Limited coverage may not capture larger waterbodies even though these could be characteristic of the broader landscape. Very broad coverage, on the other hand, may reveal more variation in waterbody sizes than limited coverage. To cope with the different spatial resolutions and coverages, as well as with the wide range of waterbody sizes, we (i) band-limited the data to between 0.0001 and 1 km2, and (ii) broke down study regions into boxes measuring 10 × 10 km, which were analyzed individually before averaging the statistics over the entire region.

We selected waterbodies with sizes between 0.0001 and 1 km2 for our analyses. Waterbodies larger than 1 km2 were excluded from the analysis because of the small sample size (10 of the 30 regions included fewer than 5 waterbodies larger than 1 km2 and some of the regions had no such waterbodies). On average, waterbodies larger than 1 km2 contributed less than 1% (+/–0.8 % standard deviation) to the total number of waterbodies (Figure 3).
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FIGURE 3. Boxplots of waterbody surface areas for each study region, including all waterbodies larger 0.0001 km2. Study regions are sorted according to the mean size (white diamonds) calculated for waterbodies ranging between 0.0001 and 1 km2 (red dashed line). Colored diamonds indicate the mean size including all waterbodies, even those with surface areas greater than 1 km2. The Y-axis is plotted on a logarithmic scale. For region numbers see Figure 1 and Supplementary Table 1.



Subgrid analyses were conducted by breaking study regions into 10 × 10 km boxes. Statistics were calculated for each box and then averaged over all boxes within the study region, giving an average value for the entire region and an indication of the sub-grid heterogeneity as expressed in the standard error of the mean. A box size of 10 × 10 km was chosen as a compromise between the subgrid variability in the study region and the number of study regions for which at least four boxes could be sampled, i.e., study regions larger than about 300 km2 (Muster et al., 2017). For study areas smaller than 300 km2, statistics were calculated for the entire regions without any subgrid sampling.

For each study region we calculated the areal fraction of surface water of the total land area, together with the number of waterbodies per km2 and the first three statistical moments (mean, variance, and skewness) of the waterbody size distribution. The variance measures how far the set of waterbody sizes are spread out from their mean. The skewness describes the extent to which the distribution is skewed toward larger (positive skewness) or smaller (negative skewness) values than the mean. For all statistical analyses we used R software (version 3.2.2).

Environmental Analysis

Each study region was described in terms of a set of climate, permafrost, and terrain variables (Supplementary Tables 2, 3), which were extracted from global or regional databases to ensure similar spatial scales for all regions (Supplementary Table 4). The climate variables included air temperature, thawing degree days (TDD), precipitation (P), evapotranspiration (ET), and precipitation minus evapotranspiration (P-ET) (Supplementary Table 2). We chose these climatic parameters because we were interested in characterizing the net water inputs across the wide range of conditions in the study regions, and the potential for long-term temperature conditions to affect waterbody size distributions. ERA-INTERIM data was used to calculate long-term averages (1979 to year of image acquisition) for the mean annual air temperature (T) as well as ET, P, and P-ET during the snow-free period. ET was derived by converting daily surface latent heat flux from Joules per m2 to mm water equivalent and calculating the annual totals. We also calculated the short-term TDD, ET, P, and P-ET (i.e., for the year of image acquisition). Short-term TDD was calculated by counting all days with mean daily air temperatures larger than 0°C until the date of image acquisition. Short-term ET, P, and P-ET were calculated for the snow-free period. The start of the snow-free period for the year of image acquisition was determined to be the first day on which air temperatures of the preceding 5 days averaged more than 0.5°C. The short-term ET and P were the totals from the start of snow-free periods to the date of image acquisition. Short-term TDD and P-ET figures were used to assess the impact of seasonal variations in the water balance on the statistical moments.

The permafrost properties included its extent and ground ice content (Supplementary Table 3), as derived from regional permafrost maps. The terrain properties included average elevation and slope, derived from the GTOPO30 global DEM. Study regions were categorized as either glaciated at the time of the last glacial maximum or unglaciated at that time (Dyke et al., 2003; Hughes et al., 2016).

Kendall’s tau was used to assess correlations between variables – both between the statistical moments of the study regions and between statistical moments and environmental variables. Kendall’s tau is a non-parametric test that estimates the statistical interdependence of two datasets. If the two datasets are completely independent then the Kendall’s tau value is zero, while positive and negative values correspond to correlated and anti-correlated datasets, respectively (Kendall, 1955). A multivariate classification and regression tree (CART) analysis was also conducted in R software using the “rpart” package, in order to investigate the effect of environmental variables on the mean waterbody size, the number of waterbodies per km2, the areal fraction of water, and the statistical moments.

Analyzing the Temporal Development of Waterbody Size Distributions

Change in size distributions and their moments over time were investigated using multi-decadal remote sensing data. Change detection analysis was carried out for two sites in the Kotzebue Sound Lowlands in the northern part of the Seward Peninsula, Alaska (66.3°N, 164.8°W), these being the Espenberg area (442.2 km2 in extent) and the Shishmaref area (379.9 km2 in extent) (Figure 3 and Supplementary Figure 1). Waterbody maps for the Espenberg area were available from Jones et al. (2011) for the years 1950/1951, 1978, and 2006/2007. Waterbody maps of the Shishmaref area were available from 1962 and 2009/2010 (Muster et al., 2017). The minimum waterbody size was set to 0.001 km2, based on the resolution and image quality of the historical data (Jones et al., 2011).

Analyzing the Effect of Microtopography on Waterbody Size Distributions

In order to investigate whether or not microtopography is a dominant factor controlling waterbody size distributions we synthesized waterbody maps using a very high resolution DEM. Water was artificially added to the DEM to simulate rising water levels above the lowest elevation in the DEM (hereafter referred to as “water levels”). The imposed rising water levels progressively filled the areas from lower to higher elevations. Note that this experiment did not aim to simulate real hydrological behavior but simply to assess the effect of topography on the size distributions of waterbodies at different water levels. The DEM used was derived from airborne LiDAR data for the Fish Creek catchment area in Alaska (70.3°N, 151.2°W), acquired in July 2013 (DGGS, 2013); it had a horizontal resolution of 1 m and a vertical resolution of 0.25 m, with a vertical accuracy of 0.15 m. The selected area covered 119 km2, with elevations ranging between 2.6 and 24.0 m. Waterbody maps were extracted for water levels ranging between 520 and 710 cm, at increments of 10 cm. Those DEM pixels with water levels less than or equal to the chosen water levels were extracted and converted into a vector file. All objects in the vector file with surface areas between 0.0001 and 1 km2 were then treated as waterbodies and used to calculate statistical moments. This process yielded a series of maps showing continuously growing waterbodies (with increasing surface areas and depths), occupying an increasing proportion of the land area.

RESULTS

Do Size Distributions of Arctic Waterbodies Follow a Power-Law Distribution?

We first tested whether the observed waterbody size distributions follow a power law distribution because such a relationship would be very powerful for extrapolating limited observations to larger scales. The cumulative distribution function (CDF) of a quantity with a power-law distribution appears as a straight line when plotted on logarithmic scales. We found that CDFs of waterbody sizes in our study regions did not meet this requirement (Figure 4). However, there were some straight-line relationships in the distributions over limited waterbody size ranges for a few regions (e.g., study region 21, (Figure 4B). However, these size ranges are far too small to be distinguished as power-law distributions (Newman, 2005).
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FIGURE 4. (A–C) A cumulative histogram or rank/frequency plot of waterbody sizes in the thirty study regions (split into three groups). Dotted lines indicate the lower and upper size limits used for the analysis (0.0001 and 1 km2, respectively). Study regions are sorted according to their mean waterbodies size (within the band limit). Both the x and y axes are plotted on logarithmic scales. For study region numbers see Figure 1 and Supplementary Table 1.



Statistical Moments of Waterbody Size Distributions in Space

We found that the variance and skewness of waterbody size distributions across all of the study regions were strongly related to the mean waterbody size, i.e., the greater the mean waterbody size, the higher the variance and the lower the skewness (Figure 5 and Tables 1, 2). These relationships reflected differences in the relative proportions of small and large waterbodies: study regions in which the waterbodies had a small mean size are characterized by many small waterbodies and few large ones, in contrast to regions in which the waterbodies had a larger mean surface area, where larger waterbodies are more common. For example, the Elson Lagoon Coastal Plain in Alaska (study region #7) was characterized by polygonal tundra with many small ponds. Waterbodies in this region had a mean waterbody size of 0.0019 km2 and a small variance of 0.0004 km4. The size distribution was heavily right-skewed with a skewness of 28.6 and 92% of the waterbodies being smaller than the mean. This predominance of small waterbodies could be seen in the region’s PDF, which had a peak to the left of the mean (Figures 6A,B). A small number of waterbodies were much larger than the average waterbody, which produces the long tail to the right of the PDF. The probability of waterbodies on the Elson Lagoon coastal plain being larger than, for example, 0.01 km2 was therefore very low. Looking at the all size distributions and their statistical moments, the greater the mean waterbody size in a study region is, the higher is the probability of it containing waterbodies larger than 0.01 km2. The Eskimo Lakes region (# 15) in Canada had the highest mean waterbody size of all the regions investigated (0.0709 km2; Figure 5 and Table 1). About half of the waterbodies in this region had sizes larger than 0.01 km2 and the region’s waterbody size distribution had a high variance (0.0219 km4) but a low skewness (3.3), as the waterbody sizes were more evenly distributed around the mean (Figure 6C). This region included both more relatively large waterbodies than the Elson Lagoon coastal plain and a larger range of waterbody sizes. Three of the regions – Eskimo Lakes (# 15), Tanzin Lake Uplands (#18), and Indigirka Lowlands (#28) – had a bimodal distribution (Figure 6C). The bimodality is not visible on the waterbody maps, i.e., no subregions with different size distributions are discernible. Although the shape of the distributions is different for those regions, the corresponding data points are still on the curve representing all regions (Figure 4). Reasons for the bimodality in these three regions are unclear, motivating future analyses of these systems.
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FIGURE 5. Variations in the statistical moments of waterbody size distributions of the 30 Arctic study regions. The variance (A) and skewness (B) of the size distributions for each study region are plotted against the mean waterbody size. The moments are calculated for waterbodies with sizes between 0.0001 and 1 km2. The vertical and horizontal bars represent the standard deviation of the means of the mean size, variance, and skewness across 10 × 10 km subsets of the larger study regions (i.e., those covering 300 km2 or more). The size distribution for waterbodies in the Cherskii-Rodinka region (ROD) is significantly less skewed than those for other regions with comparable mean waterbody sizes.



TABLE 1. Statistics of waterbody size distributions for each region.
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TABLE 2. Correlation matrix of distribution statistics.
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FIGURE 6. (A–C) Probability density functions (PDF) for band-limited (0.0001 to 1 km2) waterbody size distributions, for three groups of ten study regions. The X-axis is plotted on a logarithmic scale; the PDFs were calculated from log-transformed data. Study regions are sorted according to their mean waterbody sizes. For region numbers see Figure 1 and Supplementary Table 1.



The mean waterbody size did correlate with the number of waterbodies per km2 (Supplementary Figure 4B). However, neither the number of waterbodies nor the mean waterbody size did correlate with the areal fraction of surface water (Supplementary Figures 4A,C). We also did not find any significant correlations between the statistical moments and environmental factors (Supplementary Figures 2, 3). The highest Kendall’s tau value (0.45) was found between long-term P-ET values and mean waterbody sizes (Table 3). It is interesting, however, to note that there was one exception, the Cherskii-Rodinka region (#30) in north-eastern Siberia, which had a relatively small mean waterbody size (0.0028 km2) but a waterbody size distribution that was not as highly skewed as those of other regions with similar mean waterbody sizes. This region has a significantly different topography from all of the other regions investigated, with higher elevations and steeper slopes (Supplementary Table 3).

TABLE 3. Correlation matrix of mean waterbody size versus environmental variables.
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Statistical Moments of Waterbody Size Distributions Over Time

Multi-decadal imagery between 1962 and 2010 shows significant drying of the Shishmaref study area on the Seward Peninsula in terms of a reduction in both the number of waterbodies and the areal fraction of surface water (Table 4). However, the changes to waterbodies over time were diverse; they included the development of new waterbodies, the coalescence of adjacent waterbodies, and either complete or partial drainage of existing waterbodies (Figure 7). The size distribution shifted from smaller to larger waterbodies and the mean waterbody size increased. In 1962, 74% of the waterbodies were smaller than 0.01 km2 but in 2010 they had decreased to 58%. This change was accompanied by an increase in the variance in waterbody sizes and a more even distribution of their sizes around the mean, i.e., a reduction in skewness. Changes in the Espenberg area were less pronounced (Table 4). Nonetheless, the temporal changes in the statistical moments from the waterbody size distributions of both the Shishmaref and Espenberg areas matched the variations in statistical moments of waterbody size distributions for the 30 study regions (Figure 8).

TABLE 4. Statistics of waterbody size distributions over time for Shishmaref and Espenberg areas in the Kotzebue Sound Lowlands, Alaska.
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FIGURE 7. Temporal changes of waterbody sizes in the Shishmaref area in the Kotzebue Sound Lowlands (study region #1) of the Seward Peninsula, Alaska. Waterbody outlines are marked in yellow for 1962 and in red outlines for 2010: (a) and (b) illustrate complete and partial drainage of waterbodies, while (c) and (d) illustrate waterbody formation and expansion.
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FIGURE 8. Variations in the statistical moments of waterbody size distributions over time. The triangles and arrows indicate the development of statistical moments for the Shishmaref (black triangles: 1962–2010) and Espenberg areas (white triangles: 1950–2007) in the Kotzebue Sound Lowlands on the Seward Peninsula, for waterbody sizes between 0.001 and 1 km2. Blue points indicate the variance (A) and skewness (B) of the size distributions for each study region against the mean waterbody size.



DEM Filling Exercise

To further explore the observed relationships of statistical moments we performed numerical experiments for the Fish Creek region in Alaska, using a high-resolution DEM (Figure 9). These experiments involved estimating the waterbody sizes purely on the basis of topography, ignoring surface and sub-surface water flows. Increases in the mean waterbody size were accompanied by an increase in variance and a decrease in skewness – similar to the observed relationships across the 30 study regions. Statistical moments of waterbody size distributions from both the real and synthetic waterbody maps correlated with the density of waterbodies (i.e., with the number of waterbodies per km2) but not with the areal fraction of surface water. We would intuitively have expected increasingly large waterbodies as the water levels increased and a corresponding increase in mean waterbody size. While this is the case in some areas, the formation of small waterbodies depends on the microtopography, which can be found on different topographic levels. For example, the selected DEM profile (Figure 9a) can be subdivided into two general areas: a lower level from about to 6.6 to 6.8 m a.s.l. and a higher level from about 6.9 to 7.4 m a.s.l. With increasing water levels small ponds first form in the lower level area and eventually merge into one large waterbody. However, when the water level reaches the higher level area many new ponds form. Although the areal fraction is growing continuously, the addition of these small waterbodies to the size distribution reduces the mean waterbody size.
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FIGURE 9. Synthetic waterbody map, together with statistical moments for the waterbody size distributions, for the Fish Creek catchment area, Alaska. (a) Synthetic waterbody map; different colors indicate the different water levels at which waterbodies were extracted. Plots of the variance (b) and skewness (c) of waterbody size distributions versus mean waterbody size: the point colors correspond to the colors on the map and the labels refer to the surface water levels in meters above sea level. Those DEM pixels elevations lower than or equal to the chosen water level were extracted and converted into a vector file. This method produced a series of waterbody maps with continuously growing and deepening waterbodies. The section (d) is a DEM profile that illustrates the increase in water level (red line on the map marks the position of the DEM profile).



DISCUSSION

We found three pieces of evidence suggesting the existence of consistent controls for waterbody size distributions in lowland permafrost landscapes. First, strong relationships were found between the mean and variance of waterbody sizes and between the mean and skewness of waterbody sizes across thirty permafrost landscapes. Second, observed temporal changes in waterbody size distributions on the Seward Peninsula and their associated statistical moments aligned with the observed spatial relationships between statistical moments across the 30 study regions. Third, we reproduced the observed relationships between the statistical moments by extracting synthetic waterbody distributions for different water levels from a high-resolution DEM.

Statistical Moments of Waterbody Size Distributions of Different Arctic Regions

We found a clear relationship between the statistical moments of waterbody size distributions across our study regions. Each study region has a different proportion of small and large waterbodies and the different proportions in each study region correspond to different mean waterbody sizes. Across regions, the mean waterbody size is related to the variance (the width of the size distribution) and skewness.

The relationships of statistical moments hold across a broad range of landscapes with varying hydrology, climate, permafrost and topography, suggesting similar underlying controls across study regions. Our analysis found that the observed mean-variance and mean-skewness relationships could not be explained by hydrological variables such as TDD s, evapotranspiration, precipitation, permafrost extent, glaciation history, or broad-scale topographic parameters (i.e., elevation and slope). This may be due to data uncertainty in the large-scale environmental variables we used for analysis. However, our study looked at snapshots of different landscapes, in presumably different states, not at a time series of one landscape. Finding the observed universal relationships thus suggests that the underlying landscapes are structurally similar. Our simple DEM filling exercise produced waterbody distributions with very similar mean-variance and mean-skewness relationships to those observed across the Arctic. This result illustrates how the relationships between moments are tightly linked to the landscape topography. Most of the study regions are quite flat, with mean gradients of less than 1°, so that the distribution of water in the landscape is mainly controlled by microtopography (Woo and Guan, 2006; Boike et al., 2008; Helbig et al., 2013; Liljedahl et al., 2016). The only exception is the Cherskii-Rodinka study region which has a significantly higher mean slope of 2.1° than all other regions and does not fall on the observed mean-skewness relationship. The particular shape of the mean-variance and mean-skewness relationships is another indicator that the distributions do not follow a power law. If the size distribution of waterbodies followed a universal power law (as described in section 4.1), the variance would increase in proportion to the square of the mean. However, no such relationship was observed. Instead, we suggest that a trade-off between the number and size of waterbodies is responsible for the particular shape of the mean-variance and mean-skewness relationships. Waterbodies cannot form and grow unobstructed in a landscape. For example, in a topographic depression with many small waterbodies the growth of one or more of these waterbodies would result in coalescence, which would increase the sizes of the waterbodies while reducing their number. Conversely, when a large waterbody begins to dry or empty, several smaller waterbodies may remain so that the number of waterbodies increase but the average size decreases. In the case of the coalescence of waterbodies, for example, we deduce that smaller waterbodies disappear more rapidly than new larger waterbodies are formed, causing the mean waterbody size and variance to increase linearly and the skewness to decrease.

Statistical Moments of Waterbody Size Distributions Over Time

The above described spatial trade-off of waterbody loss and growth may occur simultaneously at different sites within the same region as seen at the Espenberg and Shishmaref sites on the Northern Seward Peninsula where we had multi-decadal imagery. This study did not investigate the reasons for the shifts in waterbody size distributions on the Northern Seward Peninsula. Jones et al. (2011), however, did conduct a detailed investigation of lake dynamics in at the Espenberg site and found that the majority of thermokarst lakes at the site are actively expanding because of surface permafrost degradation and may eventually drain when they encroach the drainage gradient. Similar processes are likely responsible for the observed changes in waterbody sizes in the Shishmaref area, which is located within the same region as the Espenberg area. Changes in waterbody sizes can result from changes in the water balance, changes in the topography, or a combination of both. In a thermokarst system, for example, ground ice melt causes the land surface to subside which in turn changes the hydrodynamics of the landscape (Jorgenson and Shur, 2007; Liljedahl et al., 2016). In landscapes not dominated by thermokarst processes, waterbody area dynamics are more likely affected by climate than by changes in topography or storage capacity (Karlsson et al., 2015). In general, changes in climate, water balance, or topography affect waterbodies of all sizes and may cause diverse trends of waterbodies shrinking and growing (Smol and Douglas, 2007; Carroll et al., 2011; Watts et al., 2012; Andresen and Lougheed, 2015; Boike et al., 2016; Liljedahl et al., 2016; Carroll and Loboda, 2017). The dominant process would then determine the direction and magnitude of the shift in the size distribution (Karlsson et al., 2014; Carroll and Loboda, 2017). We note that small waterbodies can show a strong response to seasonal changes in water output and input between years and even within the same year (Bowling et al., 2003; Boike et al., 2008; Abnizova and Young, 2010). We were not able to analyze in this study the effects of seasonality due to a lack of sufficient data. In large study regions, however, variability in waterbody size distributions over time can be due to a combination of short-term variability in local water balance and long-term geomorphological dynamics (Chen et al., 2014). As observed in other studies throughout the Arctic, mechanisms, spatial variation, and time scales of change can be diverse even within the same region due to spatial variation of lake types, and varying hydrologic and geomorphic processes within a region (Riordan et al., 2006; Jones et al., 2011; Roach et al., 2011; Arp et al., 2011).

Outlook on Future Research and Potential Applications

The consistency of the observed mean-variance and mean-skewness relationships between the statistical moments over space and time strongly suggest predictable patterns in waterbody size distributions. The relationships establish spatial and temporal constraints on the range of size distributions in space and time. The prediction of the direction and rate of change as well as the reasons for change, however, remain to be investigated in individual landscape studies.

The temporal pattern could only be demonstrated at two sites where sufficient data was available. However, more than two observations would obviously be required to corroborate this suggestion further. Similarly, the effect of topography should be explored further. The observed relationships comprise landscapes with a very flat topography, although the single outlier region hints at more complicated structures that may be expected to appear as the range of landscapes and topographic systems are extended. To adequately capture the effect of topography, high-resolution DEMs are needed. For example, LIDAR data with a vertical resolution of 1 m or less would facilitate detailed analyses of relationships between topography and waterbody size distributions across the Arctic.

The identified relationships are likely to be of great value in modeling applications. While very large waterbodies have been well represented in models, smaller waterbodies have not. The computational constraints of present-day large-scale models preclude the use of information on individual waterbodies, such as their properties and locations. Statistical or reduced-order model representations are therefore used instead to facilitate land-surface observational modeling and data assimilation (Ji et al., 2015; Pau et al., 2016). Under the constraints and limitations discussed above, the variance-mean and skewness-mean relationships provide valuable constraints for generating waterbody size distributions on a subgrid scale and allow the evaluations of hydrological and land surface modeling outcome.

CONCLUSION

In this study we have, for the first time, investigated size distributions of Arctic waterbodies with sizes as small as 0.0001 km2 (100 m2). We focused on thirty permafrost lowland regions in the Arctic, which represent a cross-section of the main Arctic lake regions and dominant waterbody types. These waterbody size distributions were not representable by a power law so that simple extrapolations from coarse-scale observations were not possible. Nevertheless, we found three pieces of evidence suggesting consistent spatial and temporal controls on the observed waterbody size distributions. First, we found relationships between the mean and variance and the mean and skewness of the observed waterbody size distributions. Second, we showed that these relationships persisted over time in the two areas for which high-resolution multi-decadal imagery was available. Third, these relationships emerge in synthetic waterbody distributions established using different surface water levels in a high-resolution DEM, illustrating that the moments are tightly coupled with the landscape’s topography. We suggest that these properties will be of great value when simulating size distributions of waterbodies for a range of Arctic spatial scales and landscapes. The relationships between the statistical moments of the waterbody size distributions have potentially far-reaching implications for attempts to predict the distribution and development of waterbody-dominated landscapes in the Arctic because they constrain possible variations in space and over time. In particular, we note that these size distributions can be used to generate sub-grid parameterizations of small waterbodies in large-scale models and thus fill an important gap in the understanding of the Arctic’s future hydrological and biogeochemical dynamics.
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0.013
0.011
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0.007
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0.007
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0.003

(0.007)
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(0.000)
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(0.000)
NA
NA
NA
(0.001)
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(0.001)
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(0.005)
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(0.001)
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(0.002)
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(0.005)
(0.003)
NA

Median size [km?]

0.005
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0.000
0.000
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0.000
0.000
0.000
0.000
0.001
0.001
0.003
0.001
0.014
0.001
0.001
0.002
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0.000
0.001
0.000
0.002
0.000
0.000
0.000
0.002
0.000
0.000
0.003
0.000

(0.001)
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(0.000)
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NA
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(0.000)
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(0.000)
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(0.000)
(0.000)
(0.000)
(0.000)
(0.000)
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NA
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NA
(0.000)
NA
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(0.000)
NA

Variance [km*]

0.014
0.003
0.004
0.001
0.001
0.002
0.000
0.001
0.002
0.002
0.009
0.004
0.008
0.024
0.022
0.006
0.003
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0.001
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0.001
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0.020
0.016
0.000

(0.003)
NA
(0.000)
NA
(0.000)
NA
NA
NA
(0.000)
NA
NA
(0.000)
(0.000)
(0.004)
(0.001)
(0.001)
(0.001)
(0.001)
(0.000)
(0.000)
(0.000)
NA
NA
NA
NA
NA
(0.001)
NA
(0.002)
(0.001)
NA

Skewness
44 ©7)
9.1 NA
82 ©0.1)

236 NA
182 (05
16.7 NA

286 NA
16.4 NA
141 07
152 NA
6.4 NA
9.2 ©03)
58 ©0.1)
3.1 1)
33 ©.1)
83 ©02)

104 (02
45 ©.1)
65 ©.1)

125 (02

127 (02

21.0 NA
9.1 NA

119 NA

252 NA
197 NA
56 ©02)

155 NA
30 ©02)
45 ©02)
79 NA

Statistics are calculated for the waterbody size bin between 0.0001 and 1 km?. Study areas larger than 300 km? were subdivided into 10 x 10 km boxes. Statistics were
calculated for each box and then averaged over all boxes within the study region, giving an average value for the entire region. Numbers in brackets show the standard
error of the mean of each subgridded statistic. Region no. refers to the study region number in Figure 1.
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Statistics included waterbodies between 0.001 to 1 km? in size. The minimum waterbody size of 0.001 km? s due to the resolution and quality of the historical imagery

used by Jones et al. (2011) in the Espenberg area.
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