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Influence of Topography and Permafrost Condition on Changes in Arctic Water Storage

Nicholas Wondolowski, MA
University of Pittsburgh, 2020

Widespread permafrost thaw across the Arctic can impact the global carbon budget and climate, alter the arctic
ecosystem, and affect water fluxes into Arctic rivers and oceans. These effects are influenced by interactions among
the hydrologic system, permafrost, climate, and topography, yet the influence of these interactions on large scale
hydrologic responses to thaw remain largely unquantified. This study builds on a simple conceptual model to
explore the correlation between thaw-related climatic parameters and changes in water storage (as observed by
GRACE mass anomaly data) between 2002-2017, and then evaluates the influence of topography and permafrost
condition on these relations. Our results, based on a multivariate linear regression (MLR) and partial correlation
over an annual time scale, show that in areas of continuous permafrost, loss of water storage is more strongly
correlated with increased snow depth than with increased air temperature. Correlation between snow depth and
water storage weaken as permafrost coverage decreases, while the correlation between air temperature and water
storage do not meaningfully change with permafrost cover. We also show that, compared to areas of partial
permafrost cover, areas of continuous permafrost are associated with higher likelihood of negative correlation
between snow depth and water storage, and that this likelihood also increases with hillslope-scale topographic
gradient. These findings suggest that permafrost thaw in areas of continuous permafrost and high topographic
gradient facilitate lateral drainage of water stores and permafrost meltwater to the riverine system, resulting in
decreased local water storage over an annual time scale. In areas of flat terrain and/or partial permafrost cover these
affects are less pronounced, likely due to lower gradient of the water table and/or a longer water residence time that
stems from connection with sub-permafrost aquifers. These results highlight the importance of lateral subsurface and

surface flows at the hillslope scale on large scale patterns of hydrologic response to permafrost thaw.
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1.0 Introduction

Permafrost regions cover 24% of the terrestrial northern hemisphere (Zhang et al., 2008). Widespread permafrost
thaw driven by changes in climate can substantially alter local hydrology, topography, and ecology (Jorgenson and
Osterkamp, 2005; Rowland et al., 2010) and influence global climate through the release of greenhouse gasses
(zimov et al., 2006; Schurr et al., 2008). These local and global impacts are strongly influenced by the hydrologic
system and its feedbacks with permafrost thaw. For example, permafrost thaw can increase the subsurface
hydrologic connectivity between taliks, aquifers, and surface water stores (streams, bogs, and lakes) (Kurylyk et al.,
2014) and cause higher drainage efficiency. Changes to this efficiency can influence advective and conductive heat
transport that influence permafrost thaw (Loranty et al., 2018) and active layer thickness (ALT -the thickness of the
seasonally thawed soil), and also influence soil saturation and thus the rate of CO, and CH, emission from
decomposition of soil organic material (Christensen et al., 2000; Treat et al., 2018). Increased drainage efficiency
can also enhance river discharge, which may amplify fluvial erosion rates, and enhance sediment and freshwater
supply to Arctic Oceans (Olefeldt et al., 2016; Gruber and Haeberli, 2007; Schaefer et al., 2011; Syvitski et al.,
2002; Rawlins et al., 2009). These multipronged influences highlight the importance of hydrological processes on
the response of the Arctic permafrost regions to changes in climate.

Changes in climate influence soil temperature and thus the rate and extent of permafrost thaw (Osterkamp et al.,
2007; Jorgenson et al., 2006; Koven et al 2013) and the hydrology of permafrost areas. High air temperature can
increase soil temperatures, and permafrost thaw is often modeled as a function of the square root of thaw index
(cumulative number of degree-days above 0 °C over a year) (Romanovsky and Osterkamp 1997, Peng et al., 2018).
Soil temperatures are also influenced by winter air temperatures, and thus snow cover that insulates the soil can
amplify permafrost warming and thaw in the subsequent summer (Stieglitz et al., 2003, Jorgenson et al., 2010, Parks
et al., 2014). Given that permafrost is typically associated with low hydrologic permeability (Painter et al., 2013,
Walvoord et al., 2012, Evans et al., 2020), these climatic factors are expected to influence hydrologic connectivity
and thus surface and subsurface water storage (Walvoord et al., 2012, 2016, Andersen et al., 2020, Evans et al.,
2020). However, snow depth, air temperature, and seasonality may have competing effects on permafrost thaw,
(e.g., snow depth and snow-season length tend to be positively correlated, but have opposing effects on soil
temperature, Lawrence and Slater., 2009, McGuire et al., 2016), and thus their integrated influence on hydrologic

connectivity and water storage depends on the balance between these effects.

Hydrologic responses to permafrost thaw depend on variations in parameters such as topographic gradient and/or the
continuity of permafrost cover (Fig. 1). Whereas spatially continuous permafrost typically confines water storage
and mobility to the active layer (Walvoord et al., 2012, 2016, O’Connor et al., 2019, Andersen et al., 2020), spatially
discontinuous permafrost facilitates hydrologic connectivity with deeper, subpermafrost aquifers and thus may
enhance hydrologic circulation and residence time (Walvoord et al., 2012, McKenzie et al., 2020, Evans et al.,
2020). Topographic gradient can influence surface and subsurface flows given that the spatial gradient in water

head, which drives subsurface flows, often follows surface elevation (Beven and Kirkby 1979, Kane et al., 1991,
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Walvoord et al., 2012). Changes in water storage and fluxes in response to permafrost thaw are likely to also be
influenced by local factors such as vegetation, soil characteristics, lakes, and fire history (O’Connor et al., 2019,
Koch et al., 2014). Whereas recent local-scale field and modeling efforts appreciably unraveled the hydrological
influences of such factors (Koch et al., 2014, Evans 2017, 2020, O’Connor et al., 2019, Atchley et al., 2016,
Andersen et al., 2020), the influences of parameters such as topography and permafrost cover on large scale

hydrologic response to thaw remain largely unquantified.

Large scale changes in total water storage (combined soil moisture, ground water, surface water and snow water
equivalent) are captured by the Gravity Recovery Anomaly Climate Experiment (GRACE) observations. GRACE
observations are available with varying levels of post-processing ranging in resolutions from 0.5-1.0 degree (e.g.,
Chen et al., 2016), whereby gravity anomaly signals are converted to changes of water equivalent height (Rodell and
Famiglietti, 1999). GRACE observations have been applied to explore temporal variations in ground and surface
water that are potentially related to changes in permafrost conditions over large-scale Arctic watersheds (Vey et al.,
2012; Im et al., 2015; Muskett et al., 2011; Muskett et al., 2009). Temporal increase in total water storage anomalies
(TWSA) have been attributed to the formation and growth of hydrologically isolated taliks and lakes, where the
thaw of ground ice, together with the density difference between water and ice, surface subsidence, and lake
formation, result in increased water storage (Muskett et al., 2011; Muskett et al., 2009; Wang et al., 2015).
Conversely, temporal decrease in water storage has also been attributed to talik growth, because such growth can
increase the hydrologic-connectivity between taliks and facilitates drainage of previously isolated water bodies such
as perched lakes and aquifers (Velicogna et al., 2012; Im et al., 2015; Muskett et al., 2011; Muskett et al., 2009;
Chao et al., 2011). Thus, it appears that permafrost thaw can cause both a decrease or increase in water storage, and
systematic patterns of large-scale changes in water storage in response to thaw remain elusive.

In this study we explore the influence of climate, permafrost condition, and topography on changes in water storage
across the Arctic through a grid-based analysis of GRACE data, guided by a simple conceptual model (Fig. 1). This
model conceptualizes how changes in water storage in response to permafrost thaw vary with topographic gradient
and permafrost cover. Based on this model, the lateral flow of water from previously isolated water stores (i.e.,
lakes, taliks, permafrost meltwater) into the riverine system (Muskett et al., 2011), is higher in regions of high
topographic gradient and continuous permafrost compared to regions of low topographic gradient and/or
discontinuous permafrost (Walvoord et al., 2016). To explore the predictions of this conceptual model, we first
compare the influence of climatic parameters (primarily snow thickness and air temperature) on August TWSA
(TWSAay) using multivariate regression. We then calculate the probability of having significant correlation between

the more influential climate parameter and TWSA.yg in areas of different permafrost cover and topographic gradient.
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Figure 1. A Conceptual model showing the hydrologic response to permafrost thaw in three permafrost and
topographic settings. Dashed line marks the pre thaw permafrost extent, and arrows indicate water flow directions.
(A) Permafrost thaw in areas of considerable topographic gradient and continuous permafrost promote lateral
drainage of water that used to be stored in/on the landscape prior to thaw. The increased hydrologic connectivity
caused by permafrost thaw can drain lakes, taliks and permafrost meltwater into rivers that rapidly carry the water
downstream, resulting in high likelihood for decreased water storage on annual time scales. (B) A similar setting to
panel A, but underlain by discontinuous permafrost, can result in vertical drainage of water to sub-permafrost
aquifers, where high storage space and residence time can result in a lower likelihood for decreased water storage
over annual time scales, compared to areas of continuous permafrost (i.e., panel A). (C) A similar setting to panel A,
but with lower topographic gradient that can inhibit lateral drainage due to low spatial gradient in water head,
resulting in lower likelihood for decreased water storage in response to thaw compared to areas of high topographic

gradient (i.e., panel A).



2.0 Methods

2.1 Study area and data

We studied land area north of 45 degrees latitude, excluding aquifers and areas within (2 GRACE pixel buffer)
glaciated areas and coast lines (Fig. 3; GLIMS Glacial dataset). Water storage anomaly measurements rely on
GRACE Level 3 global mascon hydrology data processed at NASA’s Jet Propulsion Laboratory (Watkins et al.,
2015; Wiese et al., 2016, 2018; Landerer et al., 2020). These data consist of globally gridded (0.5 degree) monthly
mass measurements taken from 2002 to 2017 (Wiese et al., 2018, 2016; Watkins et al., 2015). Scaled uncertainty
estimates for each mascon are reported with the original data. This data is interpreted to represent TWSA, and
therefore is reported as water depth (cm) anomalies relative to a 2004 to 2009 mean. GRACE data were linearly
interpolated to the 15™ of August (when permafrost thaw and active layer thickness is assumed to be close to their
annual maximum), with the exception of 2013 which is missing August and September data, producing a time series

of August water storage anomalies (TWSAaug).

Snow depth values were extracted from the Canadian Meteorological Centre data (Brown et al., 2010). The data
consist of globally gridded (0.3 degrees) daily snow depth estimates from 1998 to 2017, derived from daily in situ
snow depth measurements and interpolated using a snow accumulation and melt model in conjunction with a
forecast model (Brown et al., 2010). Snow depth estimates are reported as snow water equivalent (SWE) using mean
snow density observations at generalized Arctic snow-climate classes (e.g. alpine, tundra, prairie) (Sturm et al.,
1995). Daily data were averaged to produce monthly SWE data for the 15" of each month and interpolated to
GRACE resolution, while annual SWE represents the total monthly SWE.

Thaw index (TI, cumulative monthly temperatures greater than 0°C) was calculated from Global Historical
Climatology Network version 2 and the Climate Anomaly Monitoring System (GHCN and CAMS) temperature
dataset which consists of globally gridded (0.5 degree) mean monthly temperature estimates from 1948 to 2018. We
computed TI for a mid-August to mid-August period, to match GRACE’s mid-August observations. Monthly
temperatures greater than 0°C were summed, and August temperature values were divided by 2 to approximate a

mid-August value.

Precipitation values were extracted from the Climatic Research Unit Time Series v. 4.04 (Harris et al., 2020). The
data consist of globally gridded (0.5 degree) monthly precipitation estimates derived from angular-distance weight
interpolation of global weather station data (Harris et al., 2020). Mid-August to mid-August annual precipitation

values were calculated by summing monthly precipitation between August 15th in consecutive years. As monthly

data did not have mid-month intervals each August value was divided by 2 to approximate a mid-August value.

Evapotranspiration (ET) values were extracted from the Global Land Evapotranspiration Amsterdam Model Version
3 (GLEAM, Martens et al., 2017; Miralles et al., 2011). This data product consists of globally gridded (0.25 degree)
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daily ET calculated from the Priestly and Taylor equation using satellite observed radiation and near-surface
temperature (Miralles et al., 2011). GLEAM daily ET values were interpolated to GRACE resolution. Daily values

were summed to produce mid-August to mid-August annual ET values.

Topographic data is based on the GTOPO30 dataset, a globally gridded 30-arc-second elevation data product created
from various raster and vector elevation datasets by the U.S. Geological Survey (USGS). GTOPO30 was resampled
in ArcGIS to pixels of equal size (1 x 1 km) to allow accurate calculation of topographic gradient (G) at the scale of
Arctic hillslopes (McNamara et al., 1999; Crawford and Stanley, 2014):

G = +/(dz/dx)? + (dz/dy)? (1)

where dz/dx and dz/dy are the change in elevation in the x and y direction, respectively. The average gradient of all
pixels within each GRACE pixel was then calculated to approximate a representative topographic gradient for each
GRACE pixel.

Glacier and aquifer regions from the Global Land Ice Measurements from Space (GLIMS) and a global reservoir
dataset, respectively, which lie in GRACE pixels were excluded from the analysis, as well as a buffer zone of two
GRACE pixels around these pixels.

Permafrost categories were extracted based on a Circum-Arctic Map of Permafrost and Ground-lce Conditions of
12.5km resolution (Brown et al., 2002). The resolution of the map was coarsened to GRACE resolution (0.5 x 0.5

degrees) based on the majority of values in each pixel.

2.2 The relative influence of Tl and SWE on TWSAaug

To estimate the influence of Tl and SWE on TWSA.y We used a multivariate least square linear regression for each
GRACE pixel in the area north of 45 degrees latitude using August to August data from 2002 to 2017. Precipitation
and evapotranspiration were also included in the regression to account for their potential influence on TWSAag. TO
facilitate comparison of regression coefficients we also computed regression over z-scored values of the four
independent parameters (i.e., VTI, SWE, Precipitation, Evapotranspiration). We tested the residuals for normality
using Jarque—Bera Test (a=0.05), and for collinearity using a variance inflation factor (VIF). We identified all the
pixels where the regression model was statistically significant (i.e., regression F-test with 0=0.05) and with low
collinearity (maximal VIF value<5), and computed regression coefficients and their p-value. Note that given the
temporal variation in the uncertainty of TWSAayq (i.€., heteroscedasticity) the results only provide a general
approximation. The strongest relation we identified (SWE- TWSAaug) was explored further using methods defined in

later sections.



2.3 Locations of significant SWE- TWSAaug correlation

We used partial correlation, combined with a Monte-Carlo simulation to further explore the relations between SWE
and TWSA,g. Partial correlation performed over multiple Monte-Carlo iterations can account for the influence of
covariates and for the heteroscedasticity in the reported uncertainty for TWSAayg. For each GRACE pixel, we
computed a correlation coefficient (p) and p-value for the SWE- TWSA.q relations through a partial correlation
procedure (Guilford J. P. and Fruchter B. 1973) that removes the influence of precipitation and evapotranspiration.
To account for the heteroskedasticity in TWSAaug, We repeated this procedure 100 times, where in each iteration the
TWSAag value was randomly selected from a gaussian distribution centered on the reported TWSA,q value, with a
standard deviation that is based on the mascon scaled uncertainty estimates. We identified pixels as having
statistically significant correlations between SWE and TWSA, if: (a) At least 95% of these iterations produced
partial-correlation p-values<0.05; (b) The maximal and minimal correlation coefficient (p) had the same sign. Given
that clusters of GRACE pixels with significant statistical correlation are likely more reliable than isolated pixels we

used morphologic opening to remove isolated pixels.

2.4 Permafrost categories, topographic gradient, and the occurrence of statistically significant SWE-
TWSAaug correlation

To explore the influence of permafrost categories and topographic gradient on the occurrence of statistically
significant positive and negative SWE- TWSA.,q correlation, we computed the likelihood (P) of such occurrences in

each permafrost or gradient category:
— Ast
p=% 6

The parameter Ay is the overall area [L?] of pixels with significant SWE- TWSA.4 correlations for a given
permafrost or gradient category, and A is the total area of the associated permafrost or gradient category. Areas are
computed while accounting for the change in GRACE pixel area with latitude. For each permafrost or gradient
category, we computed P separately for positive and negative SWE- TWSAayg correlation. Permafrost categories
were based on the standard classification to continuous, discontinuous, sporadic, and isolated (Brown et al., 2002).
Gradient categories were defined by dividing the entire span of gradient values to discrete classes of equal range
(0.006, based on the uncertainty of GTOPO30 elevation values).



3.0 Results

3.1 Multivariate regression results

The multivariate regression quantified the association between SWE and T1 to TWSAayg. The regression was
statistically significant (0=0.05, F-test) for 11.6% of the GRACE pixels included in the analysis. The mean
regression coefficients are shown in Figure 2 (i.e., the coefficients are averaged over all the pixels with statistically
significant regression and their associated p-values and their uncertainties). The absolute value of the regression
coefficient for z-scored variables was higher for SWE compared to TI in 85% of the pixels with statistically
significant regression. The coefficient p-value was lower for SWE compared to TI in 84% of these pixels. These
comparably higher coefficient values and lower p-values suggest that for the analyzed pixels TWSAay is associated
more strongly with SWE than with TI. The difference in influence of SWE and Tl on TWSA (SWE having higher

influence) decreases as permafrost extent decreases.
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Figure 2. Bar plots showing multivariate linear regression results, including (A) p-value, (B) mean z-scored
correlation coefficient between each of the explanatory variables and TWSA.yg, where C is continuous, D is

discontinuous, S is sporadic, | is isolated, and N is non-permafrost. Error bars show 5 and 95 percentiles.



3. 2 Partial correlation results

We used partial correlation to identify locations where the correlation between SWE and TWSA, is statistically
significant while accounting for the influence of precipitation and ET. The partial correlation produced statistically
significant correlation (p<0.05) for 5.1% of the analyzed GRACE pixels (Fig. 3a). Of these pixels 1.2% and 98.8%
have positive and negative SWE- TWSA.yg correlations, respectively. Pixels with positive and negative SWE-
TWSAayg relations have p values of 0.714/-0.04 and -0.82+/-0.06, respectively (uncertainty is reported as one

standard deviation of all pixels with significant correlation).

o (-) dS/ASWE
(+) dS/dSWE

Figure 3. Circumpolar maps that show: (A) locations of significant SWE-TWSAayg correlation on top of permafrost
cover map (Brown et al., 2002) where C is continuous, D is discontinuous, S is sporadic, | is isolated, and N is non-
permafrost. (B, C) the mean correlation coefficient (p) and p-values for the partial correlation. White colored areas
inside the black continental outlines were not considered in the analysis as they contain either aquifers, glaciers, or

coastlines, and their associated buffer zones.

3. 3 Influence of permafrost on spatial distribution of significant SWE- TWSAaug pixels

We used a probabilistic approach (Equation 2) to quantify the influence of permafrost cover on the occurrence of
significant correlation between SWE and TWSA.,g. Overall, there is a higher probability (P) of having significant
SWE- TWSA,q correlation in permafrost (continuous, discontinuous, sporadic, and isolate) compared to non-
permafrost pixels (0.106 vs 0.001, respectively, Fig. 4). Negative SWE-TWSAayqg correlations were overwhelmingly
more likely to occur in continuous permafrost (Fig. 4) compared to other permafrost categories, comprising 96% of

all the pixels with significant SWE-TWSAayg correlation.
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Figure 4. Probability of having significant SWE- TWSA. correlation in varying permafrost conditions (i.e.,
Equation 2); where C is continuous, D is discontinuous, S if sporadic, | is isolated, and N is non-permafrost. Note
that the likelihood of significant negative correlation is overwhelmingly more common in areas of continuous

permafrost.

3.4 Influence of topographic gradient on spatial distribution of SWE- TWSAaug correlation

To explore the relations between topographic gradient and TWSA,,g we analyzed the likelihood of having a
statistically significant SWE- TWSA.q4 correlation as a function of topographic gradient. Only the continuous
permafrost zone had a sufficient number of significant pixels for a robust analysis (i.e., n>10 pixels per topographic
gradient category). We find that topographic gradient (G) positively correlates (P=2.09G+0.10, R?=0.61, p-
value=0.0004, Fig. 5) with the probability (P) of a pixel having a negative SWE- TWSA,,q correlation. The number
of pixels with significant positive SWE- TWSA,,q correlation was too low to conduct a robust analysis for such
correlation.
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Figure 5. The influence of topographic gradient on changes in water storage. (A) the probability of having negative
SWE- TWSA. relations at different gradient categories (i.e., Equation 2). (B) the total number of pixels and the
number of pixels with negative SWE- TWSA.yq relations within each topographic gradient bin. (C) a map of
topographic gradient (averaged over each grace pixel). (D) a map of elevation above sea level (averaged over each

grace pixel) with location of pixels with significant SWE- TWSA,4 correlation marked in red.
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4.0 Discussion

4.1 SWE- TWSAaug correlation and permafrost thaw

The dominant negative correlation between SWE and TWSA.yg in areas of continuous permafrost (Fig. 4) likely
reflects the insulating effect of snow on soil temperature (Stieglitz et al., 2003, Lawrence et al., 2009; Park et al.,
2014) and thus on the hydrologic properties of the soil. These negative relations also suggest that water inputs from
increased SWE have drained by the following summer (Dornes et al., 2008), or that the remaining summer SWE is
negligible compared to other hydrologic changes. High snow thickness is associated with higher winter soil
temperatures (Park et al., 2014; Wang et al., 2017) which may extend the duration of active layer thaw (Park et al.,
2014), and the ALT in the following summer (Lawrence et al., 2008; 2010, Parks et al., 2015). This likely influences
the duration over which the active layer can conduct water, as well as the hydrologic transmissivity of the active
layer (Jacques et al., 2009), resulting in a higher potential for water loss through lateral subsurface flow and drainage
into the riverine system (Figure 1). The dominance of the negative correlation between SWE and TWSAayg Suggests
that despite the competing influences of high snow thickness and long winters on permafrost thaw (Lawrence and
Slater 2010, McGuire et al., 2018), overall, a high SWE is associated with temporal and/or spatial expansion of thaw

that increases hydrologic connectivity.

4.2 Mechanisms for water loss

Although the coarse spatial resolution of this study obscures the fine scale mechanisms of change in water storage,
the association between changes in water storage, permafrost cover (Fig. 4) and topographic gradient (Fig. 5)
support the mechanisms proposed by the conceptual model (Fig. 1). The association with continuous permafrost
suggests that water loss stems primarily from supra-permafrost lateral flow (Walvoord et al., 2012, Scheidegger,
2013). A loss of water may reflect the lateral drainage of recently thawed permafrost meltwater, as well as of
surface and subsurface water stores that were previously confined by permafrost. Such stores may include
permafrost bound aquifers (Hinzman et al., 2006), closed and open taliks (Walvoord et al., 2016), water stores
behind impermeable ice dams (Oconnor et al., 2018; Neilson et al., 2018) and permafrost bound lakes (Walvoord et
al., 2016). The loss of permafrost confinement around these water stores likely stems from increased ALT and
localized thaw, that cause increased connectivity of flow pathways along features such as ice-wedges (Woo et al.,
2006, Liljedhal et al., 2016) or water tracks (McNamara et al., 1998, Rushlow and Godsey, 2017). The association
of water loss with mean hillslope-scale topographic-gradient suggests that the loss of water occurs through hillslope-
scale lateral flows whose rate is influenced by topographic gradient. This is consistent with standard models of
surface and subsurface flows where the water head follows the surface topography (Beven and Kirkby 1979, Kane et
al., 1991, Walvoord et al., 2012). These flows drain the hillslopes into the riverine system and may contribute to the

observed increase in river discharge and baseflow across the Arctic (Jacques et al., 2009). The rapid flow rate within
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the riverine system (e.g., 25-40 cm/s, O’Brien et al., 2001; Quinton and Marsh, 1998, Swenson et al., 2012)
facilitates rapid drainage out of a GRACE pixel domain, resulting in the observed change in TWSAayg over the
annual time scale of our analysis.

From a modeling perspective, the association between hillslope-scale topographic gradient and SWE -TWSAayg
correlation highlights the importance of topographically driven lateral subsurface flow at the hillslope scale. Such
flows are typically overlooked by large-scale Earth Systems Models (ESMs) (Lawrence et al., 2019; Oleson et al.,
2013; Swenson et al., 2019), and thus our findings suggest that such models may miss an important component of
Arctic hydrology. Further, given that the element size of such ESMs is typically similar to that of a GRACE pixel
(Swenson et al., 2012), our findings point at the potential of GRACE-derived information to improve and validate

such models.

4.3 Importance of permafrost condition

Locations of statistically significant negative correlation between SWE and TWSA.yg primarily occur within areas
of continuous permafrost cover (Fig. 4). The MLR results indicate high influence of SWE on TWSAayg With
decreasing influence as permafrost extent decreases (Fig. 2), suggesting that SWE- TWSAayq relations depend on
permafrost conditions. This aligns with the proposed conceptual model (Fig. 1), as regions with lesser permafrost
coverage may already have higher connectivity between water stores and therefore may not experience a substantial
change in TWSAayq in response to further permafrost thaw. The decrease in influence of SWE on TWSA with
decreasing permafrost extent shown in the MLR results (Fig. 2) suggests that processes described in our conceptual
model (Fig. 1) operate on a more continuous spectrum. In addition, connectivity between supra- and sub-permafrost
aquifers enables vertical water flow (Walvoord et al., 2012, 2016, McKenzie et al., 2020, Evans et al., 2020) and
likely increase the residence time of water within a GRACE pixel domain compared to areas of continuous
permafrost where flows are primarily lateral (OCconor et al., 2018, Walvoord et al., 2012, Muskett and
Romanovsky., 2011). Overall, these results suggest that the annual water-loss in response to changes in SWE
increases with permafrost cover.

4.4 Comparison to past work

The spatial patterns identified through our analysis can help integrate the findings of prior GRACE studies with long
term snow fall trends. The two clusters of significant SWE-TWSA. correlation that we identified in north-central
Siberia (73N 90E, 72N 113E, Fig. 3a) occur in areas of continuous permafrost that are associated with a decadal
increase in water storage between 2003-2012 (Im et al., 2015) and a decrease in SWE between 1980-2018
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(Pulliainen et al., 2020). This temporal decrease in SWE and increase in TWSA (i.e., Im et al., 2015) is consistent
with the negative correlation we observe between SWE and TWSA.yg in these regions. Such consistency also
prevails over the Lena watershed, where GRACE- based studies show a temporal increase in water storage (Im et
al., 2015; Muskett et al., 2009, 2011; Vey et al., 2012; Landerer et al., 2010), which is consistent with observations
of a temporal decrease in SWE (Pulliainen et al., 2020) and the negative SWE-TWSA,,y correlation we observed
(Fig. 3b). In contrast, the Mackenzie and Yukon watersheds in North America are generally associated with a
temporal decrease in both TWSA and SWE (Muskett et al., 2009, 2011; Pullianinen et al., 2020). The lack of
negative SWE-TWSA relations in these basins is aligned with our results, as a large portion of these watersheds is
not underlain by continuous permafrost (Figs 1-3). Whereas this integrated analysis generally supports our results,
its validity is constrained by the temporal mismatch between the time scale of our observations (2002-2017),
previous Arctic GRACE studies (2002-2013 or shorter), and the SWE data compilation (1980-2018, Pulliainen et
al., 2020), as well as by the temporal fluctuation in climate over the duration of prior GRACE studies (e.g., Im et al.,
2015, Vey et al., 2012).

An association between topographic gradient and changes in water storage measured by GRACE was explored by
Im et al., (2015). Their findings show a positive correlation between topographic gradient and temporal increase in
water storage (Im et al., 2015) over a decadal time scale (2003-2012) based on the representative gradient and
TWSA characteristics of 11 zones in Central Siberia. They suggest that the relatively high sand and gravel content
in high gradient areas enables more infiltration and increased water storage compared to low gradient areas where
impermeable clays are more common. Whereas this may appear contradictory to our finding (i.e., a positive
correlation between topographic gradient and the likelihood of having a negative SWE-TWSA,q over areas of
continuous permafrost) these findings are not directly comparable. This is because the study of Im et al., 2015 and
this study respectively explore different variables (i.e., time-TWSA and SWE-TWSAayg), different time scales
(decadal vs annual), different resolutions (11 zones vs. thousands of GRACE pixels), different areas (Central Siberia
vs the entire Northern Circumpolar area), and different degrees of permafrost cover (a combination of permafrost
cover categories vs. continuous permafrost only). Additionally, the interpretation of Im et al., (2015) emphasizes the
potential influence of parameters, such as soil composition, that are not included in the simple conceptual model of

Figure 1.

4.5 Future implications

Our results provide some insights regarding future changes to water storage. Generally speaking, Arctic snowfall
magnitude is projected to decrease while variability is projected to increase in the coming decades (Zhong et al.,
2018; Osuch et al., 2017; Bintanja et al., 2017, 2020; Pullianinen et al., 2019), while the duration of the snow fall
season is expected to decrease due to continued increase in air temperature (Bintanja et al., 2017). A general trend

towards shorter (promotes thaw) and less intense (does not promote thaw) snowfall seasons (as described above),
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result in competing effects on permafrost thaw (Lawrence et al., 2009), making predictions of snow depth influence
on Arctic water storage difficult. Regardless of snowdepth trends, our conceptual model (Fig. 1) is relevant to the
influence of permafrost condition and topography on Arctic water storage during times of permafrost thaw, which is
projected to continue (Jorgenson et al., 2010). Changes in Arctic water storage may influence the emissions of
methane and carbon dioxide from thawed permafrost soils. These emissions depend, among other things, on the
soil’s oxygen conditions, where carbon dioxide is primarily emitted from dry aerobic soils, and methane emission is
favored by saturated anaerobic soils (Christensen et al., 2000; Treat et al., 2016). The relatively large water loss
from areas of high topographic gradient, continuous permafrost cover and thick winter snow cover, suggest that such
areas are more likely to dry and emit a higher fraction of carbon dioxide relative to methane. Changes in subsurface

hydrologic connectivity in response to future climate conditions may exacerbate this pattern.

14



5.0 Conclusions

Analysis of circumpolar GRACE data reveals relations between climate, permafrost condition, topography and
hydrology that are consistent with a simple conceptual model. Our findings suggest that (1) the influence of SWE
on annual changes in TWSAaug is larger than that of TI in areas of continuous permafrost cover, a difference
which decreases with percent permafrost cover; (2) that a negative correlation between SWE and TWSAaug is
more likely than a positive correlation and that this likelihood is particularly high in areas of continuous permafrost
cover; (3) in areas of continuous permafrost, the likelihood of negative correlation between SWE and TWSAaug
increases with topographic gradient. These findings suggest that the insulating effects of snow cover from cold
winter air temperatures can increase subsurface connectivity between water stores and/or the duration of drainage.
In areas of continuous permafrost and pronounced topographic gradient, the water drains laterally into the riverine
system that can rapidly transport it out of a GRACE pixel domain, resulting in high likelihood for decreased water
storage in response to increased SWE over an annual time scale. This likelihood is lower in areas of partial
permafrost cover and/or low topographic gradient, where the residence time of water is likely longer. These results
highlight the importance of hillslope scale lateral flows on circumpolar scale patterns of hydrologic response to

permafrost thaw.
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