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17 Key Points (will be deleted; for personal reference):

18 1. Peak runoff response to rainfall is more than 5x stronger under wetter antecedent conditions in
19 an Arctic permafrost catchment

20 2. Active layer detachments amplify rainfall-driven runoff and material fluxes at an Arctic

21 permafrost catchment

22 3. Year-to-year variations in peak runoff response are associated with annual variations in average
23 summer rainfall, antecedent winter and spring temperatures, and active layer detachment

24 activity

25

26 Abstract

27 Understanding how Arctic catchments respond to rainfall is critical for anticipating hydrological and

28 biogeochemical effects of a warming climate. We use ensemble rainfall-runoff analysis (ERRA) to identify
29 how runoff response to rainfall varies with meteorological, subsurface, and geomorphic conditions

30 across three permafrost catchments: Upper Kuparuk (Alaska) and the Goose and Ptarmigan catchments
31 (Cape Bounty, Canadian High Arctic). ERRA enables us to quantify event-scale runoff responses to rainfall
32 using high-resolution, multi-year hydrometeorological datasets, and test how variations in rainfall

33 intensity, thaw depth, antecedent wetness, and active layer detachments (ALDs) affect runoff behavior.
34 Qur results show that peak runoff response increases by more than five-fold in response to increases in
35 antecedent streamflow (a proxy for antecedent moisture), and is also higher in summers with higher
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36 average precipitation. By contrast, warmer winters and springs, likely linked to deeper thaw and

37 increased subsurface storage capacity, are associated with reduced runoff sensitivity to rainfall.

38 Furthermore, a paired watershed comparison shows that streamflow and riverine fluxes of dissolved

39 solids, suspended sediment, and particulate organic carbon are more readily mobilized by rainfall inputs
40 when ALDs are present. Considered together, these findings highlight the difficulty in generalizing

41 climate-driven runoff trends in permafrost regions subject to competing and interacting controls, such as
42 precipitation intensity, storage capacity and permafrost stability. Our findings offer a more nuanced

43 alternative to broad classifications of Arctic landscapes as “drying” or “wetting” under climate change.

44 Short Summary

45 We study how Arctic rivers respond to rainfall in a warming climate. We show that runoff response can
46 increase more than 5x under wetter conditions, and Active Layer Detachments (ALDs) amplify water and
47 material runoff response to rainfall. Increasing subsurface storage can reduce runoff sensitivity to

48 rainfall. Our results inform the flashiness of rainfall-runoff predictions based on expected weather and
49 erosion conditions.

50 1 Introduction

51 Catchments that are underlain by seemingly impermeable permafrost (land frozen for at least two

52 consecutive years; Everdingen, 1998) can rapidly transport rain, snowmelt, melt waters from ground ice
53 and glaciers to downstream waters (Levy et al., 2011; McNamara et al., 1999; Woo, 1982). With climate
54 warming, the active layer that cyclically freezes and thaws above the permafrost is expected to become
55 thicker (Wang et al., 2021; Levy et al., 2011; Wang et al., 2021; Jorgenson et al., 2010), altering

56 subsurface flow patterns and increasing near-surface groundwater circulation and storage capacity

57 (Walvoord & Kurylyk, 2012; Velicogna et al., 2012; St. Jacques & Sauchyn, 2009; Smith et al., 2007;

58 Walvoord & Striegl, 2007; Frampton et al., 2015; McNamara et al., 1997). These changes are also

59 expected to alter transport rates and timescales of both organic and inorganic terrestrial material (Beel
60 et al., 2020; Beel et al., 2021; Toohey et al., 2016; Stieglitz et al., 2003; Coch et al., 2018; Spence & Woo,
61 2015; De Boer et al., 2016; Crowther et al., 2016). To better understand how climate change may affect
62 solute and sediment transport in Arctic streams, we investigate how streamflow response to rainfall is

63 shaped by precipitation intensity and ambient conditions. Climate change projections suggest that Arctic
64 precipitation will increase in coming decades, with increasing prevalence of rainfall relative to snowfall
65 (Bieniek et al., 2022; Bintanja et al., 2020; Bintanja & Andry, 2017). However, it is unclear whether these
66 changes will lead to higher peak flows, and thus flashier flood responses, or whether these effects will be
67 damped by deeper permafrost thaw and thus increases in subsurface storage capacity.

68 Understanding how climatic shifts may change the timing and magnitude of peak streamflow is

69 challenging due to confounding effects of changing precipitation patterns, increasing storage, and

70 accelerating landscape erosion. For example, it has been argued that deeper cycles of freezing and

71 thawing in a warmer climate, and the resulting increase in active layer thickness, are likely to increase
72 granular, pore-scale storage capacity and thus decrease runoff intensity (Stieglitz et al., 2003; Scherler et
73 al., 2010; Stahli et al., 1999; Scherler et al., 2010).

74 Rainfall and snow/ice melt may also lead to greater saturation of pore-scale storage capacity, thus raising
75 soil hydraulic conductivity, and making runoff more responsive to rainfall inputs (Stieglitz et al., 2003;
76 Kurylyk et al., 2013). Some physical changes to the landscape, such as erosion of the active layer (Beel et
77 al., 2020), may reduce subsurface storage capacity and thus accelerate and intensify runoff response.
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78 Studying and quantifying each of these processes can be difficult because they can confound, amplify, or
79 mask one another.

80 Ground-based observations, remote sensing data and modeling are commonly used to understand

81 controls on streamflow dynamics. Each has its strengths and limitations. Ground-based observations

82 show nuanced differences in runoff response between catchments and storms (e.g., McNamara et al.,
83 1998; Kane et al., 2000; Stieglitz et al., 2003), but the extreme conditions in the Arctic make collecting
84 long-term observational data difficult, with the result that few streams and rivers have been monitored
85 continuously. For example, McNamara et al. (1998) investigated rainfall-runoff response over three years
86 at four distinct catchment scales but faced challenges in identifying the causes of annual changes. Using
87 remote sensing methods to resolve pore-scale subsurface characteristics in the Arctic remains

88 challenging because the scales and extents of relevant processes are so dynamic (Walvoord & Kurylyk,
89 2016; National Research Council, 2014), despite recent advances (e.g., Michaelides et al., 2019; Pastick
90 et al., 2013). Simulation models can explore how changing ambient conditions may alter multiple

91 processes that shape runoff response in Arctic landscapes (Stieglitz et al., 2003; Evans et al., 2020). The
92 mechanistic basis for such models remains incomplete, however, because we still do not adequately

93 understand how permeability, hydraulic potentials, and subsurface storage capacity will change with

94 rainfall intensity and contributions from snow/ice melt (e.g., Walvoord & Kurylyk, 2016; Kokkonen et al.,
95 2004; Kurylyk et al., 2013; Chen et al., 2022).

96 Our study aims to characterize and quantify how summer runoff in landscapes underlain by permafrost
97 is affected by precipitation intensity and antecedent wetness on timescales of hours to days, as well as
98 precipitation and average temperatures during preceding seasons, the seasonal development of the
99 active layer, and the erosion of the land surface. In this paper, "runoff" is understood to mean

100 streamflow normalized by catchment area, potentially including both overland and subsurface flow. Our

101 analysis makes use of multi-year time series data of runoff, precipitation, and temperature from the

102 Upper Kuparuk River near Toolik Lake, Alaska, and the Goose and Ptarmigan catchments of Melville

103 Island, Nunavut, Canada. We quantify the lagged response of runoff to rainfall, and examine how it

104 varies with meteorological forcing and ambient catchment characteristics, yielding insight into the

105 factors that amplify or dampen runoff response to precipitation.

106 Historically, runoff response to precipitation has often been characterized using unit hydrographs that
107 capture the lagged response to precipitation events (Beven, 2012, page 456). However, unit hydrograph
108 approaches are not well suited for quantifying the influence of factors such as rainfall intensity and

109 antecedent wetness, because unit hydrographs typically assume runoff response is linear (i.e.,

110 proportional to precipitation) and stationary (i.e., independent of the ambient conditions when rain

111 falls), whereas real-world runoff response is often nonlinear and nonstationary. Instead, we apply

112 ensemble rainfall-runoff analysis (ERRA) (Kirchner, 2024), a data-driven, model-independent method for
113 quantifying nonlinear and nonstationary rainfall-runoff relationships directly from time series data.
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114
115 Figure 1. Maps of the permafrost catchments that inform this study. (a) Upper Kuparuk Catchment map near

116 Toolik Field Station, northern Alaska; (b) Cape Bounty map with Ptarmigan and Goose catchments; (c) A photo of
117 enhanced runoff from an active layer detachment (ALD) at Ptarmigan (stream is approximately 1m wide). Maps are
118 generated using ArcticDEM data (Porter et al., 2018).

119 Using ERRA, we characterize the influence of processes modulating runoff response in permafrost

120 landscapes on timescales of hours, months, and years. We conduct our analysis in the Upper Kuparuk
121 (Fig. 1a) and Cape Bounty (Goose and Ptarmigan, Fig. 1b) catchments because they have multiple years
122 of meteorologic, soil and streamflow data publicly available at 1-hour resolution. Furthermore, these
123 catchments are relatively free of the confounding effects of glacial melt inputs (Kane et al., 2000).

124 Additionally, the Ptarmigan catchment has two active layer detachments (ALDs; Lamoureux and

125 Lafreniere, 2009), which are mass movements that initiate downslope sliding of the seasonally thawed
126 active layer at the frozen-unfrozen interface, exposing the surface of the permafrost (the frost table) to
127 the atmosphere (Paquette et al., 2020). Characterizing the role of ALDs in runoff response to rainfall
128 provides a unique opportunity to understand how these thermoerosional features can impact runoff as
129 permafrost destabilizes (Fig. 1c), which is critical because ALDs (Beel et al., 2021; Beel et al., 2020;

130 Lafreniere et al., 2019; Beel et al., 2018) and other thermoerosional features are common (e.g., Gooseff
131 et al., 2009; Yokeley et al., in review) and expanding (Balser et al., 2009; Biskaborn et al., 2019; Bowden
132 et al., 2008; Krieger, 2012). Overall, the Upper Kuparuk, Goose and Ptarmigan catchments serve as

133 natural laboratories for investigating the influence of meteorologic activity, active layer thaw depth and
134 active layer detachment on permafrost runoff response.

135

136 2 Catchment descriptions and existing data

137 2.1 Upper Kuparuk

138 The Upper Kuparuk River (Fig. 1a) originates at 1,464 m a.s.l in the Brooks Range of northern Alaska and
139 drains 142 km? at its outlet (68°3824.5” N and 149°24'23.4" W, 778 m a.s.l.), where precipitation and
140 streamflow have been recorded at hourly intervals since 2003 (Arp et al., 2017; Kane et al., 2021). Here
141 we use data from 2005 and 2007-2017, since these years have a higher fraction of logged precipitation
142 and streamflow data (see Supp. Fig. 1a). Hourly measurements are available for stream discharge (Onset
143 Hobo U20 stage records, calibrated with biweekly discharge measurements using a Teledyne StreamPro
144 Acoustic Doppler Current Profiler), precipitation (Texas Electronics TR-525M tipping bucket rain gauge),
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145 air temperature (Vaisala HMP45C temperature sensor mounted at 1 m above ground), and soil

146 temperature (Campbell Scientific CS615 and CS616 soil temperature probes). These high-frequency

147 measurements are essential for our study, since the predominantly frozen subsurface conditions result in
148 faster runoff response than is commonly observed in catchments that are dominated by deeper

149 subsurface flow (McNamara et al., 1998; Newbury, 1974; Slaughter & Kane, 1983).

150 The Upper Kuparuk watershed is notable for its limited potential water sources, primarily precipitation
151 and permafrost thaw. Unlike some other high-latitude basins, this catchment is not fed by large glaciers
152 or aufeis, thereby limiting summer contributions largely to rainfall and permafrost thaw (McNamara et
153 al., 1998). The catchment typically starts its flow season in May and discharges almost all of its snowmelt
154 by June (Kane et al., 2000). Roughly two-thirds of summer precipitation leaves the catchment as

155 streamflow (McNamara et al., 1998), implying that evapotranspiration is a relatively small component of
156 the water balance. The relative simplicity of inputs and outputs allows for a focused analysis of the

157 impacts of rainfall and thaw on permafrost hydrology.

158 During peak thaw in the Upper Kuparuk, continuous permafrost extends to 250-600 meters in thickness,
159 with a roughly 50 cm active layer above it (Nelson et al., 1997; Arp et al., 2015; Kane et al., 2009; Kane et
160 al., 1985), suggesting that there is no deep groundwater source feeding summer streamflow, which is
161 instead derived from precipitation, melting permafrost and active layer ice, and flow through the active
162 layer. This in turn implies that the characteristics of the permafrost and the active layer are critical for
163 modulating streamflow.

164 2.2 Cape Bounty: Ptarmigan and Goose catchments

165 We also analyze two headwater catchments in the West River watershed of Cape Bounty Arctic

166 Watershed Observatory (CBAWO), Melville Island in the Canadian High Arctic (74°54’ N, 109°35" W; Fig.
167 1b). Similar to the Upper Kuparuk, the Cape Bounty catchments have multiple years of measurements
168 taken daily or sub-daily between 2006 and 2018. However, data collection was not as consistent as at the
169 Upper Kuparuk, limiting the types of analyses that are possible (Supp. Fig. 1b—c).

170 We focus on two adjacent headwater catchments at Cape Bounty: Goose (0.18 km?) and Ptarmigan (0.21
171 km?), both underlain by continuous permafrost without any glacial input. Unlike the Upper Kuparuk

172 watershed, which is more vegetated, Cape Bounty has minimal vegetation and even lower amounts of
173 precipitation: only roughly 160 mm of precipitation falls each year, mostly in the form of snow (Mekis &
174 Hogg, 1999). The mean rainfall recorded at the Cape Bounty meteorological station between June and
175 August for 2003-2023 was 45.4 £ 24.5 mm, with a minimum of 15.2 mm in 2014 and a maximum of

176 124.4 mm in 2019.

177 Although the neighboring Cape Bounty headwater catchments likely experience very similar

178 meteorological and geologic controls, they do exhibit some important differences. Ptarmigan has two
179 active layer detachments (ALDs), potentially because the average slope is slightly steeper: 3.9° at

180 Ptarmigan versus 3.2° at Goose. The ALDs cover 10.8% of the surface area of Ptarmigan. The ALDs

181 initiated in 2007 and the headwall retrogressively retreated over the next four years by a total of ~45+5
182 m, stabilizing at the end of the 2011 summer season (Beel et al., 2020). Although the retrogressive

183 growth of these features may classify them as retrogressive thaw slumps in some literature, we follow
184 the terminology used in previous Cape Bounty literature and refer to them as ALDs, distinguishing

185 between periods of active growth (“active”) and quiescence (“stable”). We compare the runoff

186 responses of the Ptarmigan and Goose catchments during periods when ALDs are active versus stable,



https://doi.org/10.5194/egusphere-2025-4275
Preprint. Discussion started: 17 October 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

187 under the simplifying assumption that meteorological differences between the time periods exert a
188 similar influence on both catchments.

189 At the Cape Bounty sites, the WestMet meteorological station provides hourly local temperature and
190 rainfall data (Beel et al., 2018) at a hilltop north of the catchments (Fig. 1b). Discharge data was collected
191 at gaging stations located at the outlet of the catchments, consisting of rectangular weirs (2006—2008)
192 and 20 cm (8") cutthroat flumes (2009-2017). They were equipped with Onset U20 (2006—-2014) and
193 vented Stevens SDX (2016—2017) pressure transducers to measure water level at 10-min intervals (Beel
194 et al., 2020). Additionally, water samples were collected daily at each outlet, and analyzed for: (1)

195 dissolved organic carbon (DOC) using a Shimadzu TOC-VPCH/TNM system (Fouché et al., 2017); (2) total
196 dissolved solids (TDS), or major ion concentration, using ion chromatography, with individual cation and
197 anion concentrations summed to derive TDS (Beel etal., 2020); (3) suspended sediment (SS), where
198 samples were filtered through pre-weighed GF/F filters, which were then dried and reweighed to

199 measure sediment mass per volume (Beel etal., 2020); and (4) particulate organic carbon (POC) by

200 combusting the SS filters in a CHN elemental analyzer (Beel etal., 2020). We assess how material fluxes
201 respond to precipitation in the two headwater catchments, with a focus on times when the ALDs are
202 active.

203

204 3 Methods

205 We estimate how precipitation intensity and ambient conditions (including antecedent moisture,

206 seasonal development of the active layer, and erosion of near-surface soils) affect streamflow response
207 to precipitation using ensemble rainfall-runoff analysis (ERRA; Kirchner, 2024), a recently developed

208 technique derived from general methods for estimating impulse responses in nonlinear, nonstationary,
209 and heterogeneous systems (ERRA; Kirchner, 2022). ERRA uses multiple linear regression of precipitation
210 and streamflow time series to estimate the ensemble-average response of streamflow to precipitation at
211 the whole-catchment scale. For a given precipitation and streamflow time series, the simplest form of
212 this linear regression is:

m
23 (1) Q = T BP_ +cto,
k=0

214 where Q is streamflow, or runoff when normalized by catchment area, at the i-th time step, P,k is

215 precipitation falling k time steps earlier, B« is the impulse response function at lag k, c is the regression
216 constant, and o; is the residual error associated with the runoff at hour i. Conventional linear regression
217 analysis assumes that ¢, is white noise, but typical environmental time series are characterized by

218 autocorrelated noise, so the approach outlined in Eq. (1) should not be applied directly in practice.

219 Instead, as explained in Section 2 of Kirchner (2022), to account for the autocorrelation in 6;, ERRA

220 transforms Eq. (1) into:

h
221 (2) Qz= » (‘OlQi—l+ c + Ei )
=1

222 (Equation 15 of Kirchner, 2022), where now i is the fitting coefficient, ¢, estimates the autocorrelation
223 in the residuals o, from Eq. (1) for lags 1 to h (h = m), and &; now represents uncorrelated white noise.
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224 ERRA then uses both by and ®,to estimate the original runoff response coefficients Pk using the

225 recursion relationship (Equation 22 of Kirchner, 2022):

min(k,h)

20 BB, =b, + I B_o,
=1

227 The coefficients Pk across a range of lags k comprise the Runoff Response Distribution (RRD), which

228 estimates the ensemble average runoff response to a unit pulse of rainfall. The uncertainties in these
229 coefficients will depend on the number of coefficients that need to be estimated from a given volume of
230 data. To resolve the signal in the RRD while minimizing uncertainty, we aggregate the time steps, by

231 averaging over different intervals to limit the number of coefficients that must be estimated.

232 To apply this approach at the Upper Kuparuk and Cape Bounty catchments, we assume that measured
233 precipitation is rainfall if the temperature at the mean basin elevation is above 0°C. At the dry adiabatic
234 lapse rate of 9.8°C per km, this corresponds to temperatures above 2°C at the Upper Kuparuk (where the
235 weather station is located at the outlet, 200 m below the mean elevation), and above —0.5°C at Goose
236 and Ptarmigan (where the weather station is located about 50 m above the mean basin elevation) (Fig.
237 1). We focus our analysis on summer rainfall events, rather than annual snowmelt or the occasional

238 summer snowstorms.

239 The summertime hydrometeorological observations at Upper Kuparuk are mostly complete (data

240 availability is >90% for any given year; Supp. Fig. 1a), facilitating analyses of how meteorological forcing
241 and subsurface changes affect runoff. By contrast, data availability is ~50% for any given year at the Cape
242 Bounty catchments (Supp. Fig. 1b—c), where we investigate how active layer detachments (ALDs) affect
243 runoff response to rainfall.

244 At Upper Kuparuk, we test how the runoff response distribution changes with hourly rainfall intensity
245 and antecedent streamflow (as a proxy for catchment-scale antecedent wetness), each year and each
246 summer month (June, July, and August). We also test how the RRD varies with 12 candidate predictor
247 variables: (1) total summer precipitation for the current and (2) previous summer; (3) total summer

248 rainfall for the current summer; the (4) current and (5) previous summers’ average rainfall intensities; (6)
249 maximum snow depth and (7) total snowfall since the previous summer; (8) average temperatures

250 during the preceding winter and spring; (9) average summer temperature; (10) cumulative degree days
251 above C for the current summer, (11) maximum spring streamflow, and (12) the current summer’s thaw
252 rate. Because different fractions of data may be missing in individual years (Supp. Fig. 1a), we calculate
253 total summer precipitation and rainfall as the average of the available data, multiplied by the combined
254 duration of the three summer months. Winter and spring temperatures are calculated as averages from
255 November 1 to May 31. The maximum pre-summer flood discharge is determined by identifying the

256 highest runoff value in the daily time series from April 1 to May 31. The annual rate of subsurface thaw is
257 calculated based on daily ground temperature data at 5 cm intervals down to 60 cm depth between

258 1994 and 2010. For each day, we set the thaw depth to be the deepest layer that is at or above 0°C. The
259 snow depth and subsurface thaw rate data overlap with our precipitation and runoff records at Upper
260 Kuparuk for only 5 years, precluding their use as long-term explanatory variables, but we use them as
261 supplementary information to help interpret the results.

262 We evaluate each of the candidate predictors individually and the pairwise combinations of the 12
263 candidate predictors using two-variable multiple linear regressions. For each possible predictor pair, we
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264 fit a linear model to the peak runoff response and calculate the resulting coefficient of determination
265 (R?). This allows us to assess how well these selected predictors jointly explain year-to-year peak runoff
266 response.

267 To evaluate the individual contribution of each predictor to the peak runoff response to rainfall, we use
268 added variable plots (Cook & Weisberg, 1982). These plots illustrate the partial relationship between
269 each predictor and the response variable, after accounting for the influence of the other predictor in the
270 model.

271 For all of these analyses at the Upper Kuparuk, we use runoff data obtained from Arp et al. (2017),
272 precipitation data from Kane et al. (2021), snow depth data from Kane et al. (2021), and subsurface thaw
273 data from Kane et al. (2021, updated), which we show over the period of record in Supp. Fig. 2.

274 One of the motivations behind exploring how changes in rainfall and thaw affect peak runoff is to better
275 quantify and understand carbon and material mobilization. Since the ERRA approach can be applied to
276 quantify the coupling between any interrelated time series, we can apply it to daily material fluxes at the
277 Cape Bounty catchments. Instead of quantifying the overall annual increase in material concentrations in
278 streams, as in Beel et al. (2020), the ERRA approach quantifies how much stream DOC, TDS, SS, and POC
279 fluxes increase in response to rainfall, and how long these increases last. Given that the material flux

280 data are only available for 92 individual days, we set the maximum response time to be 5 days (m =5
281 days in Eq. (1)) to avoid overfitting.

282

283 4 Results and Discussion

284 We first analyze how runoff responds to short-term meteorological conditions, annual meteorological
285 conditions, and increasing active layer thickness at Upper Kuparuk, given its longer and more complete
286 record. We then investigate how ALDs affect rainfall-runoff behavior by comparing the Goose and

287 Ptarmigan catchments when ALDs are active and stable. Finally, we quantify the material flux runoff
288 response to rainfall at Goose and Ptarmigan.

289 4.1 Peak runoff response is sensitive to antecedent wetness
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291 Figure 2. Runoff sensitivity to antecedent wetness at Upper Kuparuk. a. Average runoff response per unit rainfall

292 at Upper Kuparuk (runoff response distribution using all available data, aggregated to 10-hour time steps); b.
293 Runoff response distributions for different ranges of antecedent wetness, as proxied by 10-hour antecedent
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294 streamflow; c. Peak height of runoff response distributions in (b), as a function of 10-hour antecedent streamflow.
295 Peak runoff response increases approximately linearly with antecedent streamflow, up to an apparent saturation
296 point indicated by the dashed line. Error bars indicate one standard error.

297 We initially examine runoff response to rainfall at Upper Kuparuk by considering the entire 14-year

298 record of hourly data, aggregated into 10-hour time steps (Fig. 2a). The runoff response distribution (Fig.
299 2a; where the lag time is k and RRD is 3 in Eq. (1)) peaks approximately 20 hours after rain falls (k = 2
300 in Eq. (1)) and decays toward zero over the following 300 hours (m = 30 in Eq. (1)), with a runoff

301 coefficient over this 300-hour period (the area under the RRD curve) of 57%. In other words, an

302 equivalent of 57% of the rainfall is discharged over 300 hours. The peak of the runoff response

303 distribution corresponds to 0.6% of the hourly rainfall rate (or an equivalent of 0.6% of the hourly rainfall
304 discharges at the 20" hour), consistent with the duration of the runoff response.

305 To determine how antecedent wetness affects runoff response to precipitation, we compare runoff

306 response distributions for different ranges of 10-hour lagged streamflow, as a proxy for antecedent

307 catchment wetness (Fig. 2b). Figure 2b shows that higher levels of antecedent wetness yield a sharper
308 and stronger peak runoff response, with these effects becoming asymptotic at relatively high antecedent
309 wetness levels (Fig. 2c).

310 The five-fold increase in peak RRD with antecedent runoff is consistent with other permafrost

311 catchments. For example, Dingman (1971) demonstrated that the intensity of runoff responses is

312 correlated with antecedent discharge in 14 different storm events at the Glenn Creek watershed in the
313 Tanana River Basin, Alaska. Antecedent runoff may serve as a proxy for antecedent wetness, as has been
314 suggested in previous studies in temperate catchments (e.g., Massari et al., 2023; Knapp et al., 2024).

315 In Fig. 2¢, the peak runoff response appears to plateau beyond a certain antecedent wetness threshold.
316 We speculate that this behavior may reflect increasing subsurface saturation and routing of runoff as
317 near-surface flow, consistent with observations at a smaller scale within the catchment (Rushlow and
318 Godsey, 2017). One potential geomorphic expression of this process in permafrost landscapes is water
319 tracks, narrow, linear features that concentrate surface or near-surface flow in permafrost landscapes
320 (Del Vecchio and Evans, 2025; Evans et al., 2020). This saturation threshold may represent the point at
321 which water tracks become hydrologically connected to stream channels, enabling efficient runoff

322 without requiring full saturation of the entire landscape, consistent with modeling results within the
323 basin (Stieglitz et al., 2003).

324

325 4.2 Peak runoff response increases linearly with precipitation intensity
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326

327 Figure 3. Runoff response at Upper Kuparuk increases linearly with rainfall intensity. a. Nonlinear response

328 functions, depicting runoff response to precipitation falling within different ranges of precipitation intensity; b.

329 Peak height of nonlinear response functions in (a) increases roughly linearly as a function of precipitation intensity;
330 c. Peak height of nonlinear response functions for different ranges of antecedent wetness (indicated by the

331 differently colored curves) and precipitation intensity. Higher antecedent wetness makes runoff more sensitive to
332 precipitation intensity. All results obtained by aggregating hourly Upper Kuparuk time series to 10-hour intervals.
333 Error bars indicate one standard error.

334 To assess how runoff response varies with rainfall intensity, we use the nonlinear response function

335 (NRF; Kirchner, 2024), which equals the runoff response distribution for a given range of rainfall rates,
336 multiplied by the time step and the rate of precipitation (Fig. 3a). The NRF measures the increase in

337 streamflow resulting from one time step of precipitation at a given intensity. Whereas the RRD is a

338 measure of runoff response per unit rainfall, the NRF is a measure of total runoff response per time

339 interval of precipitation, and thus more clearly reveals how runoff response varies with precipitation

340 intensity. As shown in Fig. 3b, higher rainfall intensities generate larger runoff responses as measured by
341 the NRF. The peak height of the NRF increases approximately linearly with precipitation intensity.

342 Figure 3¢ shows how peak runoff response varies jointly as a function of precipitation intensity and
343 antecedent wetness (indicated by the different curves, each corresponding to a different range of

344 10-hour antecedent streamflow). For each range of antecedent wetness (i.e., for each curve), peak
345 runoff response is a weakly nonlinear function of rainfall rate. It is possible that runoff response

346 becomes more strongly nonlinear at higher precipitation intensities than those shown here, but there
347 are not enough of these events to robustly quantify the non-linearity at higher rainfall rates.

348

349 4.3 Stronger runoff response during wet summers, and following cold winters and springs

10
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351 Figure 4. Year-to-year variability in runoff response distributions at Upper Kuparuk shows a sixfold range, with
352 no clear temporal trend. a. Runoff response distributions for each year; b. Peak height of the distributions in (a)
353 and their associated error bars plotted as a function of year. Each year is shown in a distinct color, used consistently
354 throughout the manuscript. All results obtained by aggregating hourly Upper Kuparuk time series to 4-hour

355 intervals. Error bars indicate one standard error.

356 Weather conditions vary from year to year at Upper Kuparuk, and their effects on runoff behavior can be
357 illustrated by comparing runoff response distributions among individual years. The runoff response

358 distributions for different years vary considerably, with some years exhibiting strong responses and

359 others displaying weak responses (Fig. 4). For example, the peak runoff response distribution for 2009
360 corresponds to 1.3% of the hourly rainfall rate, whereas peak runoff responses in 2005 and 2011

361 correspond to less than 0.3% of the hourly rainfall rate (Fig. 4).

362 To evaluate the potential mechanisms behind this variability, we examine how year-to-year variations in
363 runoff response reflect differences in both precipitation and temperature conditions, particularly those
364 that influence subsurface storage capacity with the 12 potential explanatory variables outlined in the
365 Methods section. The Methods section details how we measured each variable. In Supp. Fig. 3, we

366 compare each explanatory variable individually with the peak runoff response to rainfall. Recall that
367 because maximum snow depth and thaw rate data are only available for 5 rather than 12 full years,

368 these two explanatory variables are only used to supplement our discussion.

369 Total current summer precipitation and rainfall (Supp. Fig. 3a-b) are first-order controls on peak runoff
370 response to rainfall. Total summer precipitation includes all precipitation inputs, whereas rainfall refers
371 specifically to those events that occur when air temperature exceeds 2°C.

372 The pair of predictor variables with the highest R? value in our multiple linear regression analyses is total
373 summer precipitation and average temperatures during the preceding winter and spring. In Fig. 5a, we
374 show the model fit for this best-performing pair. To facilitate interpretation and compare the relative
375 influence of each variable, we standardized both predictors as z-scores and report the regression

376 equation as:

377 (8) ;= (0.66 * 0.23)z, — (0.46 + 0.23)z, +

s

11
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378 where ZB is the z-score—transformed peak runoff response to rainfall, z, is the z-score—transformed total

s

379 summer precipitation, z, is the z-score—transformed average temperatures during the preceding winter

w

380 and spring, and c is a baseline constant.

381 The added variable plots (Fig. 5b-c) show that the regression model performs fairly well (R*= 0.58), and
382 critically, it shows that both predictors are statistically significant: peak runoff response is influenced by
383 both total summer precipitation (p=0.01) and average temperatures during the preceding winter and
384 spring (p=0.03).

385 The correlation with summer precipitation is consistent with the patterns observed in Figs. 2 and 3,

386 where peak runoff response shows a strong positive relationship with antecedent wetness and rainfall
387 intensity. In addition to average summer precipitation, our analysis shows that average temperatures

388 during the preceding winter and spring seasons are negatively correlated with runoff response (Fig. 5).
389 These temperatures potentially reflect the extent and timing of subsurface thaw: warmer conditions

390 during winter and spring may lead to earlier or deeper thawing, which would increase the capacity of the
391 soil to absorb and store incoming water, leaving less water available for rapid runoff during summer

392 rainfall events. In this way, average temperatures during the preceding winter and spring may serve as an
393 indirect proxy for the thawed volume of the subsurface and the capacity of the catchment to buffer

394 incoming precipitation.
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395

396 Figure 5. Factors influencing annual peak runoff response to rainfall at Upper Kuparuk. All variables shown as
397 z-scores. a. Peak of the runoff response distribution for each summer, compared to fitted values of a linear model
398 with total summer rainfall and average temperatures during the preceding winter and spring as explanatory

399 variables. The diagonal line indicates a 1:1 relationship. b. Added variable plot (i.e., leverage plot) showing

400 relationship between RRD peak height and total summer rainfall, corrected for linear effects of winter and spring
401 temperatures. c. Added variable plot showing relationship between RRD peak height and winter and spring

402 temperatures, corrected for linear effects of total summer rainfall. Error bars indicate one standard error.

403

404 4.4 Runoff is more sensitive to rainfall early than late in summer.

405

12
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407 Figure 6. The Peak Runoff Response Distribution decreases by 25% between June and August at Upper Kuparuk.
408 We show the runoff response distribution for June (red), July (orange) and August (yellow). All results obtained by
409 aggregating hourly Upper Kuparuk time series to 10-hour intervals. Error bars indicate one standard error.

410

411 To further explore the role of thaw-related increases in subsurface storage capacity, we examine how

412 runoff response changes over the course of the summer season. Specifically, we quantify the peak runoff
413 response for each summer month to assess whether progressive thawing of the active layer influences
414 runoff response.

415 Our analysis reveals a decline of approximately 25% in peak runoff response from June to August (Fig. 6).
416 In Supp. Fig. 4, we show the monthly antecedent wetness response. Antecedent wetness can increase
417 peak runoff response by a factor of three. Whereas the monthly decline in runoff response is modest
418 compared to the variation driven by antecedent wetness, it provides insight into possible seasonal

419 controls on runoff response.

420 To evaluate what drives this decline, we assess monthly changes in meteorological conditions in Supp.
421 Fig. 5. Precipitation totals, air temperature, and rainfall intensity do not show consistent trends across
422 the summer months, suggesting that changes in atmospheric forcing are unlikely to explain the decrease
423 in peak runoff response. Similarly, seasonal variations in evaporation and transpiration do not align with
424 the decline in runoff response: transpiration typically peaks in July and declines thereafter (Déry, et al.,
425 2005), but the peak runoff response declines monotonically from June to August.

426 By contrast, active layer thaw depth increases substantially from June to August, expanding from

427 approximately 20 cm to 50 cm on average at Upper Kuparuk Catchment (Shiklomanov, 2014). This
428 increase in subsurface storage capacity potentially reduces the responsiveness of the catchment to
429 rainfall by allowing more water to infiltrate and be stored rather than flow directly to the stream. As a

13
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430 result, peak runoff response decreases. These findings support the hypothesis that seasonal expansion
431 of subsurface storage capacity through thawing can decrease runoff response. This agrees with previous
432 studies in the Upper Kuparuk where sequential storms through a summer had increasing old water

433 contributions (McNamara et al., 1997), and lower runoff ratios (Q/P)(McNamara et al., 1998).

434 Although thawed-layer storage capacity over the summer months can influence runoff, its effect in the
435 Upper Kuparuk appears secondary to other processes like antecedent wetness (Fig. 2b-c). In other

436 catchments, thawed-layer storage capacity may play a more prominent role. Differences in soil texture
437 and vegetation cover between catchments can cause hydraulic conductivity to vary by multiple orders of
438 magnitude. On the timescale of peak runoff response in Upper Kuparuk (~24 hours), coarse, silty soils
439 with permeabilities around 10~ m/s can allow rainfall to infiltrate to depths on the order of tens of

440 centimeters, comparable to the thickness of the active layer, enabling much of the precipitation to be
441 stored in the subsurface. In contrast, clay-rich soils with permeabilities near 1077 m/s may only permit
442 infiltration of a few centimeters over the same period, quickly saturating the surface and generating

443 more direct runoff.

444 This hypothetical example of two-order-of-magnitude difference in permeability, and the resulting

445 disparity in infiltration depth, suggests that the importance of thawed-layer storage in regulating runoff
446 will depend on topography, soil texture and hydraulic conductivity. Furthermore, where lateral

447 conductivity exceeds vertical, water may drain efficiently downslope in some areas while pooling in

448 others. These localized pools, due to the high heat capacity of water, can enhance thaw and generate

449 spatial feedback in both storage capacity and runoff routing. In sum, the modest seasonal decline in peak
450 runoff response (Fig. 6) likely reflects the combined effects of thaw depth, soil permeability, and

451 anisotropic drainage, rather than the influence of thaw-layer storage alone.

452

453 4.5 Runoff response to rainfall increases when active layer detachments are active.

a. Ptarmigan, disturbed by active b.
x10~3 layer detachments (ALDs) x1073 Goose, undisturbed
50 Stable: 2012-2021 - 2012-2021
=Active ALDs: 2007-2011 | =2007-2011
0 9, 5 10 15 20 0 5 10 15 20

Lag time [h] Lag time [h]
454

455 Figure 7. Runoff response distributions for Ptarmigan (a) and Goose (b). a. At Ptarmigan, active layer detachments
456 disturbed ~10% of the catchment between 2007 and 2011. Runoff at Ptarmigan was more responsive to rainfall
457 during this period (green) than during the following 10 years (2012-2021, blue). b. At the adjacent Goose

458 catchment, where no active layer detachments were observed, runoff responses to rainfall were similar during

14
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459 both periods. All results obtained by aggregating hourly Ptarmigan and Goose time series to 2-hour intervals. Error
460 bars indicate one standard error.

461 To explore how erosion could alter the runoff response to rainfall in Arctic catchments, we analyze

462 long-term data from the Cape Bounty region, which includes two neighboring catchments, Ptarmigan
463 and Goose, of comparable size and climate. Two active layer detachments (ALDs) that initiated in 2007
464 disturbed roughly 10.8 % of the Ptarmigan catchment, stripping the upper unfrozen material along the
465 main channel (Fig. 1b). The headwalls of the ALDs continued to erode through 2011, whereas the

466 neighbouring Goose catchment remained geomorphically stable (Beel et al., 2021).

467 Figure 7 compares the runoff response to rainfall for both catchments, separating time periods with and
468 without ALD activity. To isolate the effect of ALDs from meteorological variability, we compare runoff
469 response at Ptarmigan before and after ALD activity, and contrast it with runoff response at Goose over
470 the same time periods.

471 The results show that, on average, peak runoff response at Ptarmigan is four times higher during the five
472 years with ALD activity (2007-2011) than during the 10-year post-ALD period (2012—-2021). In contrast,
473 the neighboring Goose catchment shows no significant difference in runoff response between the two
474 time periods, suggesting that the changes in runoff response at Ptarmigan cannot be attributed to

475 meteorological differences between the two periods. Moreover, the peak runoff response at Goose is
476 about three times lower than at Ptarmigan during ALD-active years, reinforcing the inference that the
477 changes at Ptarmigan are due to geomorphic disturbance rather than climate variability.

478 Although we lack pre-ALD data for Ptarmigan, the sharp decline in runoff response after stabilization
479 suggests a strong effect of ALDs on runoff response. One plausible mechanism is that ALDs erode

480 near-surface soil layers, exposing ice-rich permafrost (up to 80% ice by volume) with very low

481 permeability (e.g., Paquette et al., 2020). This scar area may retain a shallower active layer for several
482 years, reducing infiltration and enhancing surface runoff. Thus, although the ALDs area is only increasing
483 by a few 10s of meters each active year, the large scar area can still have a significant impact on the

484 runoff response.

485 After ALD stabilization, runoff response at Ptarmigan declines to roughly match the runoff response at
486 Goose. We hypothesize that it is not the act of stabilization per se that reduces runoff, but rather the
487 gradual thaw and drainage of the exposed ice-rich layer. As the active layer deepens and drains out pore
488 water in the scar zone over time, increasing its capacity to store water. Further data on thaw depth

489 within scar zones would help validate this hypothesis.

490 Alternatively, one could hypothesize that the causality runs in the opposite direction: that heightened
491 runoff response triggers ALDs by lubricating subsurface layers, eroding scar-zone soils, or destabilizing
492 headwalls. However, if this were the dominant mechanism, we would expect Goose to exhibit similarly
493 elevated runoff response during 2007-2011. The lack of such elevated runoff response at Goose instead
494 supports the hypothesis that ALD activity increased runoff response at Ptarmigan. The timing further
495 supports this hypothesis. The years when ALDs were active, 2007-2011, also coincides with years when
496 summer air temperatures were consistently above-average at Cape Bounty (Figure 1cin Beel et al.,

497 2021). Warm conditions likely thawed an ice-rich layer, undermining slope stability and initiating the

498 slides, which in turn amplified runoff by stripping away near-surface storage capacity. Thus, although
499 high temperatures and elevated runoff could both potentially trigger ALD formation, the lack of elevated
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500 runoff response at Goose supports the hypothesis that ALD formation and the associated loss of storage
501 capacity drove the increase in runoff response at Ptarmigan during 2007-2011.

502 One important implication of the enhanced runoff response associated with ALDs is the potential to

503 increase risks of flash floods and damage to critical infrastructure. Numerous ALDs and retrogressive
504 thaw slumps have occurred along major transportation corridors in Canada, Alaska, and the Tibetan

505 Plateau, resulting in significant damage and road closures (e.g., Ackerson et al., 2021; Van der Sluijs et
506 al., 2018; Luo et al., 2021). Beyond the direct infrastructure damage that such thaw features cause, they
507 can also generate long-lasting risks to infrastructure by intensifying the flashiness of rainfall-runoff

508 events.

509

510 4.6 Catchments with ALD act as sources of biogeochemical and sediment export during rainfall
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512 Figure 8. DOC, TDS, SSC, and POC runoff response distribution is comparable to water flux runoff response

513 distribution to rainfall. Runoff response distributions quantifying how rainfall inputs increase runoff fluxes of

514 dissolved organic carbon (DOC, panel a), total dissolved solids (TDS, panel b), suspended sediment (SS, panel c),
515 and particulate organic carbon (POC) as inferred from suspended sediment concentrations (panel d). Subpanels in
516 (c) and (d) zoom into the Goose SS flux-RRD and POC flux-RRD, respectively. Ptarmigan and Goose catchments are
517 shown by orange and green lines, respectively. We compare these responses to water flux runoff response

518 distribution to rainfall in panels e and f, which show similar temporal runoff response distributions. Error bars

519 indicate one standard error.

520 Rainfall mobilizes solutes and sediments in addition to streamflow, and the relationships between rainfall
521 inputs and the subsequent release of solutes and sediments may provide useful clues to catchment

522 functioning. Frey et al. (2009), among others, have demonstrated dissolved organic carbon (DOC) levels
523 tend to track the rise and fall of runoff from permafrost catchments. Koch et al. (2021), showed that DOC
524 concentrations can remain elevated for multiple days following a rainfall event in two permafrost
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525 streams, leading to hysteresis in the concentration-discharge relationship. At Cape Bounty, Beel et al.

526 (2018) observed increased suspended sediment (SS) transport in permafrost streams during storm

527 events. Similarly, Lamoureux and Lafreniére (2014) reported that a single late-July storm contributed

528 ~90% of the annual sediment load, highlighting the relative sensitivity of intact tundra to a single heavy
529 rainfall event. Xiao et al. (2022) documented step-increases in both SS and total dissolved solids (TDS) in
530 a permafrost headwater on the northeastern Tibetan Plateau during a storm that raised flows two orders
531 of magnitude above baseflow values. Event-scale mixing analyses from the Upper Kuparuk River in

532 Alaska likewise reveal pronounced solute enrichment during summer rainfall (McNamara et al., 1998).
533 Collectively, these studies demonstrate that material fluxes respond to rainfall, and may persist longer
534 than previously expected.

535 Alongside rainfall/runoff data, Cape Bounty has multiple years of DOC, TDS, SS and particulate organic
536 carbon (POC) concentration data collected in streamflow at approximately daily intervals (Beel et al.

537 2020). These concentration measurements enable a detailed event-scale analysis of how material fluxes
538 in streamflow respond to rainfall at Cape Bounty. Here, we define material fluxes as concentrations times
539 streamflow normalized by catchment area. In Supp. Fig. 6, we show the time series of material fluxes
540 alongside rainfall and runoff time series data. As shown in Beel et al. (2020), when the ALDs are active,
541 DOC fluxes are elevated at Ptarmigan, but they subsequently decline as the ALDs stabilize, such that

542 Goose becomes the larger DOC source when the ALDs are stable. TDS fluxes are persistently higher at
543 Ptarmigan and rise further while the slides are active. SS and POC fluxes at Ptarmigan increase by an

544 order of magnitude during ALD activity, whereas both fluxes remain minimal at Goose throughout the
545 record. In Supp. Fig. 7, we show how material fluxes are correlated with precipitation and discharge. This
546 figure shows that there is no clear correlation between material fluxes and precipitation. In contrast,

547 discharge is positively correlated with material fluxes, particularly for TDS, SS, and POC at Ptarmigan;

548 note that because discharge is part of the material flux calculation, positive correlations are expected
549 (unless concentrations decrease more-than-proportionally with increasing discharge). TDS, SS, and POC
550 fluxes increase more steeply as a function of discharge at Ptarmigan than at Goose; by contrast, DOC

551 response to increasing discharge is broadly similar between the two catchments.

552 We use ERRA to quantify how material fluxes respond to rainfall on event time scales at Ptarmigan and
553 Goose. In this analysis, we substitute runoff in Egs. (1)—(2) with material fluxes (concentration multiplied
554 by runoff), while retaining precipitation (P) as the driver. Figure 8 illustrates how runoff fluxes of DOC,
555 TDS, SS, and POC respond to rainfall at Ptarmigan and Goose. Figure 8 shows that both catchments

556 exhibit notable DOC and TDS flux runoff responses that peak within a day of rainfall and decline over the
557 subsequent two days. In Figs. 8e and f, we show the daily water flux runoff response distribution to

558 rainfall, which produces a similar rapid response that declines over the course of two days. This implies
559 that rainfall mobilizes DOC and TDS flux at these catchments. Together with the previous findings of Beel
560 et al. (2020), our results support the conclusion that rainfall mobilizes DOC and TDS. If rainfall intensity
561 and frequency increase as projected under climate change (Bieniek et al., 2022; Bintanja, 2020), stream
562 DOC and TDS concentrations may increase (and thus stream DOC and TDS fluxes may increase more than
563 proportionally to increases in discharge).

564 Beel et al. (2020) compared annual fluxes at Ptarmigan and Goose and showed that the annual DOC flux
565 is consistently higher at Goose, suggesting that ALDs do not dramatically alter DOC levels. The similarity
566 between the DOC flux runoff response for Ptarmigan and Goose in Fig. 8a suggests that the event-scale
567 response at the two catchments is similar, at least on average across the sampled events during

568 2007-2021. This suggests that, while Beel et al. (2020) report higher DOC fluxes at Goose as compared to
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569 Ptarmigan, their event-scale responses are comparable, with differences in baseflow fluxes potentially
570 making up the difference.

571 The annual major ion (TDS) flux increased after the 2007 ALDs at Ptarmigan and remained high during
572 the following years, a pattern that is absent at Goose (Beel et al., 2020). Figure 8b also shows that the
573 event-scale response of TDS runoff fluxes to rainfall is four times higher at Ptarmigan than at Goose,
574 suggesting that the ALDs increased the TDS runoff response to rainfall.

575 Annual Ptarmigan SS and POC fluxes rose by 15-30 fold in the first season after ALDs initiated and

576 remained an order of magnitude higher than background levels for the 5 years when ALDs were actively
577 eroding, a pattern that is absent at Goose (Beel et al., 2020). Furthermore, catchments with ALDs at

578 Cape Bounty have POC-dominated stream carbon fluxes for more than 5 years after the initial

579 disturbance (Beel et al., 2021). Figures 8c-d show notable responses of SS and POC fluxes at Ptarmigan,
580 but not at Goose. This indicates that rainfall more readily mobilizes SS and POC fluxes at Ptarmigan than
581 at Goose, likely due to ALDs. These results suggest that ALDs may elevate TDS, SS, and POC fluxes and
582 impose a legacy effect for multiple years after a disturbance.

583 Unfortunately, the sparsity of the available data precludes a clear assessment of differences in runoff
584 response between the periods when the ALDs were active versus stable at Ptarmigan (e.g., similar to the
585 runoff response in Fig. 7). Material flux runoff responses may have been higher in 2007-2012, when the
586 ALDs were active, but more extensive data would be needed to confirm this. For example, it is possible
587 that DOC flux increased in 2007, when ALDs initiated, given the high DOC concentrations typically found
588 in permafrost landscapes. However, as the scar zone transitioned to a zone of mineral sorption (Littlefair
589 et al., 2017), DOC flux runoff response may have dropped below the levels observed in Fig. 8a, to give an
590 average DOC flux runoff response that is similar to Goose. Following this logic, we infer that the higher
591 TDS, SS, and POC flux runoff response at Ptarmigan is either due to ALDs, when their flux runoff

592 response was particularly high in 2007 or, more plausibly and consistent with annual data (Beel et al.,
593 2018; 2020), remained elevated for several years following ALD initiation.

594 Our analysis extends understanding of the role of rainfall in mobilizing material transport by

595 demonstrating ALDs in catchments like Ptarmigan may exert a sustained influence on rainfall-driven
596 transport of major ions, suspended sediments, and particulate organic carbon, potentially even after
597 landscape stabilization. Given projected increases in Arctic rainfall intensity and frequency, these

598 prolonged effects could amplify the downstream impacts of ALD disturbances on aquatic systems.

599

600 5 Summary and implications for catchment behavior in a warming climate
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602 Figure 9. Conceptual model of processes influencing runoff response to rainfall in permafrost catchments. a. A
603 conceptual model of the present day conditions at a landscape underlain by permafrost. The model shows a cross
604 section of a catchment that has an active layer (brown) over permafrost (turquoise). Panel (a) shows the present
605 day material and water flux runoff in response to a unit pulse of rainfall. As shown in the top left legend, arrows
606 with a curve indicate the time (t) dependent component of rainfall (P) and runoff (Q, M). The blue curved arrow is
607 to show a unit pulse of rainfall. The brown and black curved arrows are to show water (Q) and material (M) flux
608 runoff response, respectively, to a unit pulse of rainfall. The magnitude of the curve indicates the intensity of

609 rainfall or the intensity of runoff response. We summarize our results on how these runoff responses may vary in
610 b-d. b. Thawing of the subsurface can increase storage capacity and thus decrease runoff sensitivity to rainfall. c.
611 Whereas, rainfall increases soil moisture (0) and thus makes runoff more responsive to rainfall. d. Erosion by active
612 layer detachments (ALDs) can reduce subsurface storage capacity, making runoff more responsive to rainfall. ALDs
613 may also act as sources of persistent biogeochemical and sediment export (Fig. 8). e. These competing and
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614 interactive controls, considered alongside a future in which some regions will experience thicker active layers (pink
615 arrow), increased rainfall (large curved blue arrow), and greater erosion, makes it difficult to generalize

616 climate-driven water-flux runoff trends. We show this variability in runoff response to different controls with a

617 double arrow line next to (1) the runoff response arrow and (2) the water levels. We also use different shades of
618 gray about the runoff response arrow to illustrate the change in magnitude of the response. Regions that are prone
619 to erosion by ALDs will see an increase in material-flux runoff with rainfall.

620 We summarize our results and their implications in a conceptual model in Fig. 9. Rainfall is represented
621 by a curved blue arrow, resembling a time-series pulse. Both material (M; brown) and water (Q; black)
622 fluxes respond to this pulse with increases illustrated by curved arrows, resembling the runoff response
623 through time. Panels (b—d) illustrate how runoff of water (Q) and material (M) in response to rainfall (P)
624 varies with active layer thickness (Fig. 9b), soil moisture conditions (Fig. 9c), and geomorphic

625 disturbances (Fig. 9d).

626 The patterns captured in this model reflect the detailed results shown in earlier figures. Figure 6 suggests
627 that an increase in storage through the summer months decreases runoff response to rainfall over the
628 course of the summer. Year-to-year variations in peak runoff response to rainfall are negatively

629 correlated with average temperatures during the previous winter and spring (Fig. 5). These temperatures
630 serve as a proxy for how rapidly the subsurface can thaw. The thickness of the thawed layer may increase
631 the subsurface water storage potential and dampen peak runoff responses during the summer. In

632 contrast, year-to-year variations in peak runoff response to rainfall are positively correlated with average
633 summer precipitation (Fig. 5). Soil moisture can significantly influence runoff sensitivity to rainfall; as

634 shown in Fig. 2b-c, different levels of antecedent catchment wetness (as reflected in different levels of
635 antecedent streamflow) result in almost five-fold differences in peak runoff response to rainfall. We also
636 use data from Cape Bounty to test how ALD activity affects runoff response to rainfall. Figure 7 shows
637 that during years when the ALD is actively eroding, runoff is more sensitive to rainfall. Finally, in Fig. 8,
638 we show that DOC, TDS, SS, and POC fluxes respond to rainfall within a day; our results also reinforce

639 earlier indications (Beel et al., 2020) that ALD activity may lead to long term biogeochemical and

640 sediment export.

641 Projecting permafrost hydrology under climate change requires understanding how streamflow

642 sensitivity to rainfall is shaped by precipitation patterns, temperature trends, and erosional processes.
643 Arctic climate projections anticipate both increased precipitation and warmer temperatures (Tebaldi et
644 al., 2006; Bintanja et al., 2020). In Alaska, precipitation is expected to increase by 14-25% between 2020
645 and 2049 (Bieniek, 2022; Bintanja et al., 2020), with most of the increase occurring as summer rainfall,
646 given that snowfall is not projected to change significantly (Bintanja et al., 2017). Average winter

647 temperatures are anticipated to rise by 3 °C over the next three decades (Bigalke et al., 2022). Figure 5
648 suggests that it will be difficult to predict the net effect of these two trends, because they are

649 comparably influential (e.g., z-scores of 0.66 vs. 0.46 in Eq. (4)), but have opposite effects on runoff

650 sensitivity to rainfall. Interannual variability in runoff response is also significant (Fig. 4), underscoring
651 the need for year-specific predictive modeling and cautioning against broad classifications of

652 climate-driven drying or wetting trends (e.g., Qiu, 2012; Feng et al., 2021; Osuch, et al., 2022). We

653 illustrate this variability in runoff response to climate change with a conceptual model (Fig. 9e). Rainfall is
654 shown as a curved blue arrow resembling a time-series pulse, while the runoff response (Q) is depicted
655 with arrows of varying magnitude. A double-headed arrow highlights the potential range of responses,
656 emphasizing that future changes in rainfall sensitivity will depend on the interplay between increasing
657 rainfall and warming temperatures.
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658 In addition to rainfall and temperature increases, permafrost thaw will likely intensify erosional activity
659 such as ALDs. Our results show that runoff response to rainfall can be amplified during years with active
660 ALDs. By enhancing the flashiness of rainfall-runoff events, ALDs may increase the risk of flood-related
661 damage to critical infrastructure in affected catchments.

662 Our results contribute to the ongoing discussion of how permafrost catchments are likely to respond to
663 future climate changes. Beyond such generalized projections, however, our results can also inform

664 year-by-year predictions based on expected weather conditions. For example, a wet summer following a
665 cold winter is likely to yield strong runoff responses to rainfall. Similarly, a warm summer triggering ALDs
666 may further amplify those responses. This framework provides tangible insights into which years may
667 experience hydrologic wetting or drying, offering a more actionable alternative to broad climate impact
668 assessments in permafrost landscapes.
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