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Abstract. Temperate surge-type glaciers undergo periodic order-of-magnitude increases in flow speeds generally attributed to

drainage system evolution, making them ideal sites to explore how the kinematic response of glaciers to rain events varies

with subglacial drainage system efficiency. Here, we compare ten GPS-derived glacier surface speed records with modeled

rainfall to assess short-term evolutions of the drainage system at the end of a surge (2020-2021) and during quiescent flow

(2022-2024) at Sít’ Kusá, Alaska. Speed anomalies were identified using a short-term to long-term average ratio approach and5

all speed anomalies that followed large rain events were characterized by their duration, magnitude, and immediacy. During the

surge, 9 of 16 large rain events (56%) caused speed anomalies, peaking at 7.5 m/d (116% increase) and lasting 66.5 hours on

average. During quiescence, rain-induced speed-ups were less frequent (17 of 37 rain events (46%)), smaller (~1.5 m/d), shorter

(~33 hours), but greater in percent increase (251%). Although the differences in speed characteristics generally indicate that

the drainage system is more efficient during quiescence, speed-ups throughout the surge cycle suggest there is a persistently10

inefficient component of the drainage system. We find that particularly large and prolonged rain events can cause temporary

slow-downs during the surge, but that speeds return to pre-event levels in less than two weeks as the drainage system reverts to

its inefficient state. Our work supports recent analyses of glacier instabilities suggesting there isn’t a binary switch in drainage

system configuration during surges. More broadly, our findings expand our understanding of glacier kinematic responses to

rainfall, demonstrating that rain events can modulate speeds of both fast- and slow-flowing glaciers.15

1 Introduction

Understanding extreme variability in flow at surge-type glaciers is useful for predicting when and where glacier flow instabili-

ties may arise in the future. A broad spectrum of flow instabilities have been observed across the world, ranging from Alaskan

mountain glaciers to Antarctic Ice Streams, and it is possible that surge-like instabilities will change in extent and frequency

as a result of climate change (Bennett, 2003; Frappé and Clarke, 2007; Copland et al., 2003; Herreid and Truffer, 2016). Better20

understanding these rapid speed fluctuations during surge cycles can provide valuable insights into the relationships between

glacier speeds, subglacial water storage, and drainage efficiency which are insights that may be used to refine model projections

of future glacier mass loss.
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A glacier surge is an order-of-magnitude increase in speed that is generally attributed to a rapid increase in basal sliding

caused by changes in subglacial hydrology or thermal state (Benn et al., 2019). Surge-type glaciers periodically cycle between25

relatively short periods of surging flow and longer-term periods of slow flow, called quiescence. For glaciers that have a bed at

the pressure melting temperature, surges initiate when sufficient basal water builds up to reduce effective pressure and increase

sliding speeds. A surge will persist so long as the subglacial drainage system sustains high levels of basal water pressure (Kamb,

1987; Kamb et al., 1985). A surge terminates and the quiescent phase begins when the drainage system adapts its morphology

to a more efficient system (Benn et al., 2019; Kamb, 1987; Eisen et al., 2005).30

Central to both surge initiation and termination is the structure and efficiency of the subglacial hydrologic system, which

regulates how subglacial water content can influence basal motion (Eisen et al., 2005; Kamb, 1987; Benn et al., 2019; Flow-

ers, 2010). A subglacial drainage system is considered inefficient when it consists of isolated cavities and efficient when the

drainage system consists of linked channels (Benn et al., 2019). A glacier underlain by a relatively inefficient system is gen-

erally considered to be sensitive to pulses of water because water inputs cause cavities to expand, reducing friction between35

the glacier and its bed, increasing sliding (Flowers, 2010). If an efficient system is present, glacier speeds should be largely

insensitive to gradual increases in water inputs because channel size can expand to accommodate the increased inputs (Flowers,

2010). However, increased water inputs can still overwhelm channelized systems and produce a kinematic response if the input

changes rapidly due to moulin drainage or large melt or rain events, for example (Bartholomaus et al., 2008; Nanni et al., 2023;

Mair et al., 2002).40

While surge-type glaciers highlight an example of how drainage system evolution can impact glacier speeds on year-to-

decadal scales (Liu et al., 2024; Benn et al., 2019), drainage system evolution can occur on daily time scales as well. Sub-daily

observations of glacier speeds have shown that changes in basal water pressure or water inputs to the subglacial system are

sufficient to force daily evolutions of a drainage system (Horgan et al., 2015; Iken and Truffer, 1997; Vieli et al., 2004). For

example, periods of high rain-rate have been shown to correspond with 24-hour increases in speeds and with periods of bed45

separation (Horgan et al., 2015). In some cases, changes in water inputs to the bed are enough to periodically overwhelm even

efficient systems resulting in short-lived speed-up events (Bartholomaus et al., 2008).

Here, we analyze Global Positioning System (GPS) records of glacier speed with respect to rain events across the surge and

quiescent phase of a temperate surging glacier, Sít’ Kusá (Turner Glacier), in southeast Alaska. We analyzed time series of

glacier surface speeds and rainfall to understand how the drainage system responds to short lived pulses of water to the glacial50

system. By leveraging speed records from approximately the same location but over periods with dramatic differences in speed

due to the surge, we are able to infer the effects of the subglacial drainage system on kinematic sensitivity to pulses of water.

2 Methods

2.1 Study Site

The study site of this research is Sít’ Kusá, a surge-type glacier located in the St. Elias range of Southeast Alaska. In the context55

of this research, Sít’ Kusá is divided into 4 main zones; the upper-northern tributary, the icefall, and the reservoir and receiving
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Figure 1. Map of Sít’ Kusá showing the location of all GPS stations, ERA5 grid cell, and glacier zones. Stations labeled ‘Ice’ were deployed

on the glacier surface while ‘Rock’ stations were deployed off ice. The two digit code following ‘Ice’ or ‘Rock’ corresponds to km up glacier

at time of deployment. The numbers after the station label indicate the years (YY) of data coverage (e.g., 21 = 2021, 22 = 2022).

zones (Fig. 1). The glacier’s surface elevation drops ~500 m throughout the icefall located 20.5 - 22.5 km from the terminus,

effectively dividing the glacier’s ablation zone from its upper northern tributary. The reservoir zone stretches from the base of

the icefall to the dynamic balance line located 7-8 km from the terminus of the glacier (Nolan et al., 2021). The receiving zone

is located down-flow from the reservoir zone, extending from the dynamic balance line to the terminus.60

2.2 GPS Processing

For this study, we used 12 Global Positioning System (GPS) records – 10 on ice stations from the reservoir zone and 2 off-ice

stations deployed along Sít’ Kusá’s rock walls (Fig. 1). The GPS naming convention is as follows: on- and off-ice stations were

listed as “Ice” and “Rock”, respectively, followed by a number that indicates the distance from the terminus, in km, where the

GPS unit was installed, and end with a number after a dash that indicates the date of installation in YYMM format. All GPS65
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Figure 2. Temporal coverage of GPS stations. The colors of the horizontal bars denote different station locations. Blue transparent rectangles

mark winter months (October to May) and the red rectangle represents the surge from March 2020 to September 2021.

units used in this study were NetR9 GPS systems (true GPS) from the EarthScope Consortium that were programmed to record

signals every 15 seconds. GPS stations were deployed from 2020 through 2024 but the duration of the records was limited to

late summer through early fall (Fig. 2) due to power supply and instrument difficulties in the meters-deep snowpack typical for

the glacier. The fragmented record created by the 10 on ice GPS stations captured the middle of Sít’ Kusá’s 2020-21 surge, the

surge termination in the late summer of 2021, and Sít’ Kusá’s subsequent quiescent phase (Fig. 2).70

To convert the GPS records into measurements of glacier surface speeds, all GPS records were fed through the same pro-

cessing pipeline that consisted of the following steps: post-processing, smoothing, time-domain filtering, and detrending. The

GPS data were post-processed through Canadian Precise Point Processing (CPPP) for the Yukon’s GPS Epoch (2002.0). The

processed positions were then converted into Universal Transverse Mercator (UTM) and shifted from Coordinated Universal

Time to Alaska Standard Time.75

UTM positions were then smoothed and converted into records of eastward and northward velocities using a rolling centered

moving-window linear fit. Here a moving window polynomial fit was applied to the Northing and Easting positions to calculate

the speed in each direction as the first-degree coefficient (i.e., change in position over time). A window size of one day reduced

signal noise, created continuous records for the majority of GPS stations, but retained daily and longer-period variations in

speed. Based on the 15 second recording interval of the system, we expected 5760 positions to be included in each window.80

However, more often than not, the expected number of samples within the window were not present and a minimum threshold

of 90% of the expected samples was required to move forward. This threshold of 90% was similar to thresholds used by

previous on-ice GPS analyses (Ahlstrøm et al., 2013).

Rock10 suffered from repeated power outages and their records were insufficient for direct use in kinematic post-processing

but proved useful as a benchmark for signal filtering. Rock10 was post-processed and smoothed as described above so that pe-85

riodic signals in the velocity records caused by atmospheric effects could be identified. Rock10 was deployed off ice, meaning

it was stationary for the entirety of its record and each component of the velocity vector (i.e., speed in the Northing and Easting

directions) should have been zero over its recording period. A frequency analysis of Rock10’s velocity components revealed
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Figure 3. (a) Power spectra for the frequency domain of Rock10’s Easting velocity vector before filtering (red) and after filtering (blue) using

the chosen corner frequency. The dashed vertical line highlights the abrupt change in signal attenuation at frequencies higher than the chosen

corner frequency (0.9 cycles/day). (b) Root mean squared difference between Rock10 filtered at the corresponding corner frequency on the

x-axis relative to its true velocity record (i.e., 0 m/day).

that Rock10’s velocity variation operated on regular cycles (Fig. 3a) that peaked at 1, 2, 3, and 4 cycles/day (24, 12, 8, and

6 hour intervals). These frequencies have previously been attributed to variations in Earth’s Ionosphere and atmospheric tides90

(den Ouden et al., 2010).

To minimize these periodic atmospheric effects on our interpretation, we filtered the velocities in the time-domain using a

low-pass fourth-order Butterworth filter. A Butterworth filter was selected because it can effectively attenuate high-frequency

periodic noise (Du et al., 2000; Fang et al., 2020; Vergnano et al., 2025). For a low pass Butterworth filter, a corner frequency

must be determined, marking the point where frequencies below the corner frequency are largely preserved, while frequencies95

above it are progressively attenuated. We tested corner frequencies between 0.1 and 4 cycles per day (increments of 1) for
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Figure 4. Ice15-2208 speeds filtered by a corner frequency of 0.5 (a), 0.9 (b), and 1.5 (c). For each plot, the unfiltered speeds are in light blue

and filtered speeds are in black.

Rock10 by computing the root mean squared difference relative to an idealized 0 m/day velocity vector baseline (Fig. 3b).

A corner frequency of 0.9 cycles/day was used because it provided the best trade-off between removing atmospheric signals

(Fig. 3) while retaining natural on ice variation at frequencies lower than once per day (Fig. 4). Unfortunately, potential daily

oscillations in speed caused by surface melt were also removed by our filter. However, since we were concerned with rain-100

driven speed anomalies, attenuation of the natural diurnal signal was not problematic for our interpretation. Throughout testing

and final application, this filter was applied separately to the Northing and Easting velocity components, then along-flow speeds

were calculated as the magnitude of the velocity vectors.

To isolate short-term rain-driven changes in speed from longer-term variations in speed associated with the glacier surge (Fig.

5a), the last step in our GPS processing pipeline involved detrending of the speed time series. Detrending was also necessary105

to properly compare the magnitude of speed up events from the surge and quiescence. In the context of this study, detrending
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Figure 5. (a) Speed record of Ice12-2008 before detrending (purple) and the spline fit to the 6-day minima in order to capture background

trends in speed (black). (b) Ice12-2008 after detrending (purple).

was the removal of approximately weekly or longer-period variations in speed. These variations in speed, hereafter referred to

as background speeds, were modeled using a smoothing spline fit to speed minima within a 6-day moving window during the

surge and as the average of a given GPS record during quiescence. The spline was subtracted from the surge speed time series,

as demonstrated for the ‘Ice12-2008’ time series in Fig. 5b. A larger window (10 or 12 days) tended to over generalize the data110

and did not sufficiently capture the background patterns, while a shorter window (2 or 4 days) tended to follow the speeds too

closely and individual speed-up events were removed.

2.3 Modeled Rain Data

To make inferences about variations in kinematic sensitivity to water pulses due to drainage system evolution, we analyzed

our speed records alongside rain estimates. Rain estimates were sourced from the 0.25° x 0.25° ERA5 grid cell covering115

Sít’ Kusá’s terminus. ERA5 reanalysis rain data was downscaled to the surface using ArcticDEM elevations from the Polar

Geospatial Center and down sampled to 100x100m. We used the precipitation downscaling component of the energy balance

firn model (EBFM) (van Pelt et al., 2012) to statistically downscale the ERA5 precipitation to the glacier surface. Modeled
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Figure 6. Time series of modeled rain (blue) and measured precipitation at the Yakutat Airport (orange) in millimeters per day [mm/d]

for September 01 - November 15, 2022. The elevation-scaled ERA5 rain data area is slightly transparent so that the Yakutat data can be

visualized behind it. This example reflects typical patterns in both datasets.

precipitation was downscaled based on the elevation difference between the DEM and ERA reference elevation:

P (z) = PERA(1+ γ(∆z/100)) (1)120

where P(z) is corrected precipitation, PERA is the base precipitation data from ERA5, γ is the fractional increase in precipitation

per 100m of elevation (0.1), and ∆z is the elevation difference between the DEM and the ERA5 reference elevation. Additional

weather parameters were explored using outputs from the EBFM for which the methods and discussion of this can be found in

the Supplement.

Due to Sít’ Kusá’s remote location, we had limited access to observational rain data to validate our modeled rain, but we did125

compare our model outputs to daily precipitation records at the nearby Yakutat airport, 55 km south of the glacier terminus.

Precipitation was reported daily at the airport weather station, with no clear distinction between liquid and solid precipitation.

We did not expect that the precipitation records would match exactly given the distance to the glacier and topographic effects on

weather, so we only performed a visual comparison to determine whether the model outputs were reasonable. We see similar

magnitudes of precipitation events across both datasets and a consistent lag time was observed between the two, where the130

Yakutat dataset tended to lead the model outputs (Fig. 6). Based on the assumption that weather patterns would travel inland

from the coast, a lag was to be expected between the two locations.

2.4 Analysis

Rain occurs throughout a large portion of the year at nearby Yakutat, but our analysis the impacts of rain events on glacier speed

is limited to July 1 and November 15 due to data limitations. Early September typically reflects the timing of GPS deployment135

or servicing (Fig. 2), with July 1 representing the earliest deployment date across sites, while November 15 marks the onset of
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increased GPS uncertainty, which we attribute to burial by snow. The mid-November cut-off also coincides with the cessation

of EBFM’s meltwater equivalent or MWE (further specifics of the EBFM’s MWE can be found in the Supplement) output

across the 5-year study period, indicating that either all precipitation fell as snow or that any rainfall was refrozen within the

glacier around this date.140

The GPS derived surface speed record produced by this study showed clear speed anomalies, as seen in Fig. 5 & 7. To

identify speed anomalies, we used a short term-long term average filter on the detrended speeds because it can effectively

identify anomalies in GPS signals (Ohta et al., 2012; Allen and Ziv, 2011). For a given detrended speed record, a moving

window mean of 0.75 days was applied to create a short-term average (STA) time series and a moving window mean of 90

days was applied to create a long-term average (LTA) time series. The ratio of the two time series was then taken, STA / LTA,145

to create a ratio time series of speed. The window sizes of 0.75 days for the STA and 90 days LTA were chosen because their

ratio most effectively isolated speed anomalies. To identify speed anomalies using this ratio time series, Matlab’s findpeaks

function was applied to the ratio time series with a manually-tuned threshold ratio value > 1.9 and a requirement that peaks

had to be at least 2 days apart. Manual inspection of the identified peaks revealed that some were less than 0.65 m/d which

were too close to the background speed variation during quiescence. Due to this, we were not confident in their identification150

as peaks and implemented a minimum threshold to the speed time series of 0.65 m/d which removed 3 of the 43 identified

peaks from the STA/LTA approach. Further manual inspection revealed 4 additional peaks (10%) that were false positives: 1

from Ice12-2008 and 3 from Ice14-2008 (Fig. 7a). There was 1 peak (3%) missed by the STA/LTA approach and was added to

Ice11-2208 (Fig. 7b), resulting in 37 speed anomalies throughout the GPS record. Although the manual identification of speed

anomalies contains some levels of subjectivity, manual verification was needed given the limited effectiveness of our speed155

anomaly assessment method in the speed time series (Fig. 7).

Speed anomalies were analyzed alongside weather time series to evaluate differences in glacier sensitivity to rain under pre-

sumed contrasting drainage conditions during the surge and quiescence. Large rain events were identified using a thresholding

approach. Matlab’s findpeaks function was used with a manually-tuned threshold >2 mm/h for the peak rate of rain and an

event separation period of at least 1 day. Although the threshold of 2 mm/h was chosen somewhat subjectively, the average160

peak in rain rates for the identified events was 3.5 mm/h, which was approximately the 95th percentile of all rain events. A less

strict threshold of 1.5 mm/h was explored that captured all large and moderate rain events; however, softening this threshold

generally only added rain events to the dataset that did not cause a speed-up. For example, if the moderate threshold was

implemented, 17 more rain events would have been added to the data set while only 2 those correspond to a speed-up.

Starting at the peak in rain rates, the start and end of a given rain event was determined using a thresholding approach moving165

outwards from the peak: the start and end of each rain event were identified using a threshold of 0.67 mm/h. This threshold

was chosen because rain rates between rain events were generally zero, but very low rain rates could persist for hours before

or after a sharp change in rain rate. Altering this threshold (ranges from 0.16 to 0.67 mm/h were explored) did not affect the

lag times between rain onset to either the point of acceleration or the peak in speed.

To assess variations in the kinematic response to rain events over time, de-trended speed profiles were extracted immediately170

prior to, during, and immediately following each rain event. To start, the speed time series was extracted from a period from
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Figure 7. (a) Ice14-2008 speeds used in the analysis (green line), raw speeds (non-detrended and non-filtered speeds (black line)), speed

anomalies identified by the STA/LTA approach that passed the manual inspection (green circles), and manually removed peaks (red circles).

(b) The same as for (a) but for Ice11-2208, with a tan line showing the speed time series used in the analysis and manually added peaks

shown as blue circles. The dashed horizontal line in both plots marks the minimum speed threshold of 0.65 [m/d] that served as additional

filtering after peaks were automatically identified by the STA/LTA approach. The x-axis on both plots is the decimal year and both plots span

early September to mid November.

4 hours prior to the start of a rain event to the next peak in rain rate. Speeds 4 hours prior to the start of the rain event were

included to capture the background speeds prior to the onset of a possible speed-up event. If, however, the time between the

start of a rain event to the next peak in rain rate exceeded 6 days, then the end of the profile was truncated to 6 days from the

start of a rain event. A 6-day window was selected based on the average lag time between the STA/LTA speed-up events and the175

preceding rain events as described above and was found to be sufficient to capture the entire evolution of each speed anomaly

(described below). After partitioning the speed record by rain events, we found that two rain events in quick succession would

confound our interpretation of speed change in relation to the rain events. When two events compounded into one large speed

anomaly that consistently increased between the peaks in rain, we classified it as a compound rain event and the start of the

first rain event and end of the second rain event were assigned as the start and end of the compound event, respectively.180

For each rain event, through comparison with the STA/LTA speed-up event record, we classified this period as a high or

low sensitivity event. High sensitivity events were periods when one of the STA/LTA speed anomalies occurred within a 6-day

window of a rain event. If no speed-up event was identified, this period was classified as a low sensitivity event. Lastly, the

speed time series were averaged into 4-hour blocks for ease of plotting and visualization. Since all of our GPS records span the
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glacier’s reservoir zone, we interpreted our high and low sensitivity events to be periods when the reservoir zone was in a state185

of high or low kinematic sensitivity to rain events.

The speed and rain time series for the high and low sensitivity periods were interrogated further to assess rain accumulation

differences over the typical speed-up period between the rain events with and without associated speed-ups. For each rain

event, we calculated the cumulative rain over a duration that spanned from the start of each rain event to the end of each rain

event’s corresponding speed profile. To align the 3-hour sampling rate of the rain time series with the 4-hour averaging blocks190

of the speed profiles, the rain time series were linearly interpolated to a 4-hour sampling interval.

The speed time series of the high and low sensitivity events, averaged into 4-hour blocks, were also used to calculate the

additional glacier displacement that results from the speed-up events. To do this, the average speed for every speed time series

category (surge high and low sensitivity and quiescent high and low sensitivity) were calculated for each 4-hour block. This

created a characteristic speed profile for each of the four categories defined above from which the total displacement could195

be calculated. To determine how much additional displacement occurred as a result of the speed-up events from the surge and

quiescent phase, the total displacement from the low sensitivity category was subtracted from the total displacement from the

high sensitivity category. The values for additional displacement were used in conjunction with the total displacement from

each GPS record to determine the percent displacement due to speed-up events.

3 Results200

3.1 Speed Variability

The average speed, number of observed speed anomalies, duration of the analyzed record, the number of speed anomalies per

week, and the average speed of the peak of a speed anomaly are listed for each GPS record in Table 1. Speeds during the surge

are more than an order of magnitude greater than speeds during quiescence. Sít’ Kusá’s 2020-2021 surge terminated in the late

summer of 2021 meaning stations Ice09-2110 and Ice11-2108 captured the beginning of the quiescent phase. Although these205

records are relatively short, these records had the lowest average speeds for all our GPS records. Ice11-2308 had the second

shortest record, only lasting two weeks but had the highest average speeds during quiescence. The highest average number of

speed anomalies per week was from Ice15-2308 with 1.1 anomalies per week while the lowest observed was for Ice15-2106

spanning surge termination with 0.2 anomalies per week.

Across the GPS record there are two GPS station pairs that had substantial temporal overlap between their two records:210

Ice12-2008 and Ice14-2008 during the surge, and Ice11-2208 and Ice15-2208 during quiescence (Fig. 8). Although the speed

magnitudes and variations over time differ between the two observation periods, as described below, the down-glacier station

is faster on average compared to the up-glacier station during both observation periods (Fig. 8).

The speed time series for Ice12-2008 and Ice14-2008 follow similar background trends. Both records show a period of

gradual acceleration of ~6 m/d over a 2-week period from Sept. 13-28. This is followed by a dramatic step down in speeds at215

both stations, punctuated by 3 speed-up events, where background speeds drop by ~10 m/d over 9 days, from Sept. 29th to Oct.

7th. After this, a second period of gradual acceleration at approximately the same rate as before begins between both stations.
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Table 1. Duration of each record, the average speed, the total number of speed anomalies, the number of anomalies per week, and the average

speed of a GPS record’s anomaly (based on detrended speeds) for each GPS record. All values were rounded to one decimal place.

Station name Surge phase
Length of

record [days]

Mean

speed [m/d]

Anomaly

count

Anomalies

per week

Average speed

peak [m/d]

Ice09-2110 Quiescent 12.5 0.2 1 0.6 0.9

Ice11-2108 Quiescent 40 0.2 2 0.3 0.7

Ice11-2208 Quiescent 72.2 0.6 8 0.8 2

Ice11-2308 Quiescent 14 1.4 1 0.5 4.3

Ice11-2408 Quiescent 67.4 0.3 5 0.5 1.5

Ice12-2008 Surge 41.4 12.4 4 0.7 8.3

Ice14-2008 Surge 69.5 11.8 4 0.4 7.3

Ice15-2106 Surge 62 3.5 2 0.2 6.7

Ice15-2208 Quiescent 73.5 0.2 6 0.6 1.1

Ice15-2308 Quiescent 26.2 0.5 4 1.1 1.2

Unlike Ice12-2008 and Ice14-2008, Ice11-2208 and Ice15-2208 are much noisier, with the record lower on the glacier having

more variable speeds, and Ice11-2208 and Ice15-2208 appear to have no similarities in their background trends.

Further differences arise when comparing the two station pairs’ speed anomalies. The speed anomalies of Ice12-2008 and220

Ice14-2008 have similar magnitudes, with averages of 8.1 m/d and 7.2 m/d, respectively. In contrast, the speed anomalies of

Ice15-2208 are generally half the magnitude of Ice11-2208’s speed anomalies, with averages of 2.0 and 1.1 m/d, respectively.

In addition to differences in speed anomaly magnitude the speed anomalies of Ice12-2008 and Ice14-2008 were generally

longer in duration compared to the speed anomalies of Ice11-2208 and Ice15-2208. Speed anomalies lasted an average of 74

and 54 hours for Ice12-2008 and Ice14-2008, respectively, compared to ~43 hours for both Ice11-2208 and Ice15-2208.225

3.2 Characterization of Speed-up Events

Based on manual inspection of the rain records relative to the STA/LTA-picked speed-up events, we infer that Sít’ Kusá’s

short-term speed-up events are driven by rain events. Fig. 9 shows an example of speed-up events for Ice11-2208 (dashed gray

lines) and its corresponding rain record. For Ice11-2208, as for all other GPS records, the STA/LTA-identified speed-up events

are generally preceded by a rain event but there are no clear relationships between the characteristics of the speed-ups (i.e.,230

max speed, duration of speed up event, lag time between max rate of rain and max speed, percent increase in speed, and lag

time between max MWE and max speed) or the weather preceding or during the speed-up events. Correlation coefficients for

the speed-up event characteristics relative to max rate of rain, duration of rain event, volume of rain, max temperature, max

MWE, time between speed up events, and prior speed trend are shown in Fig. S3, in the Supplement, but are not discussed

further due to the relatively weak relationships identified between the variables.235
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Figure 8. (a) Speed records of Ice12-2008 (purple) and Ice14-2008 (green). (b) Speed records of Ice11-2208 (tan) and Ice15-2208(light

blue).

3.3 Evolving Kinematic Sensitivity to Rain

Across the entirety of the GPS record, 53 large rain events were identified. The average duration of these large rain events was

30.5 hours and the average peak rate of rain was 3.5 mm/h with a standard deviation of 1.6 mm/h. Based on our classification

method, there was a speed anomaly following 49% (26 events) of the rain events. Across the GPS records from the surge, there

were 16 rain events in total and 56% of them (9 events) were followed by speed anomalies. During the quiescent phase there240

were 37 rain events in total and 46% of them (17 events) were followed by speed anomalies.

During the surge (Fig. 10a), for the high sensitivity events, speeds begin to increase approximately 12 hours on average after

the start of the rain event, peaking at ~6 m/d faster than the pre-event speeds. After this, the speeds of high sensitivity events

begin to drop and appear to reach a stable state ~3 days after the start of a rain event (~1 day after the peak in speeds). For the

low sensitivity events, speeds fluctuated around 1 m/d until around 2.5 days after the start of a rain event. Interestingly, in the245

case of both high and low sensitivity events, speeds dropped to a minimum, lower than speeds prior to the onset of rain, ~3

days after the start of the rain event.
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Figure 9. (a) Time series of speed of Ice11-2208 in tan and (b) rain rate in blue. Vertical dashed lines mark the timing of peak speeds during

speed-up events.

During quiescence, similar patterns in speed are observed (Fig. 10b). Prior to a rain event, background speeds remain fairly

stable and do not begin to increase until ~32 hours after the start of a rain event for the high sensitivity events. High sensitivity

events then reach a peak speed anomaly of ~0.5 m/d relative to the pre-rain speed at ~48 hours after the start of a rain event250

(Fig. 10b). In contrast, low sensitivity events remain stable for the entirety of the 6-day window used in the analysis (Fig. 10b).

An interesting point of comparison between the surge and quiescent speed profiles is the general response time to large rain

events. Although both high sensitivity surge and quiescent events generally reach a peak in speeds ~36-48 hours after the start

of a rain event, surge speed profiles begin to increase far quicker than quiescent speed profiles (Fig. 10). In the case of high

sensitivity surge events, speeds become elevated shortly after the rain event begins. This contrasts to high sensitivity quiescent255

events, where speeds only begin to increase ~24 hours after the start of a rain event.

The difference in the onset of speed-up events (i.e. the point when the speeds of a high sensitivity speed profile begin to

increase relative to the background) during the surge relative to quiescence is not easily explained by similarities or differences

in a threshold of rainwater accumulation across the surge cycle. During the surge, there is not an appreciable difference in the
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Figure 10. (a) Surge speed profiles and (b) quiescent speed profiles, averaged into 4-hour windows relative to the onset of rain events. Red

box plots represent high sensitivity events; blue box plots represent low sensitivity events. Vertical blue lines indicate the start of rain events.

The x-axis is in hours relative to the start of a rain event. While all speed profiles spanned to 6 days from rain start, plots (a) and (b) were

truncated for ease of visualization.

amount of accumulated rain at the onset of the speed-up event for high and low sensitivity events. During the surge, for high260

sensitivity events, typical speed-up onset occurs at 20 mm of accumulation compared to 22 mm for low sensitivity events (Fig.

11a). During quiescence however, there is a slight difference between the rain accumulation values for high and low sensitivity

events at the typical onset of the speed-up event. During quiescence, for high sensitivity events, typical speed-up onset occurs

at 60 mm of accumulation compared to 45 mm for low sensitivity events (Fig. 11b). The difference between rain accumulation

at the onset of speed-up events for surge and quiescence is consistent with the presence of a less efficient subglacial drainage265

system during the surge, which would need a smaller pulse of water to become overwhelmed.

On average, each speed-up event contributed 8.6 m of additional horizontal displacement during the surge compared to 0.7

m during quiescence. Although each speed-up event from surge accounts for far more displacement when compared to quies-

cence, speed-up events from quiescence contribute more to total station displacement (Table 2). On average during quiescence,

speed-up events accounted for 57% of glacier displacement compared to only 6% glacier displacement during the surge. The270
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Figure 11. Cumulative rain profiles for (a) the surge and (b) quiescence. As with Fig. 11, times are relative to the onset of rain events.

Red box plots represent high sensitivity events; blue box plots represent low sensitivity events. The transparent grey rectangle on both plots

represents the approximate time period when high sensitivity events have elevated speeds. While all extracted accumulation profiles spanned

to 6 days from rain start, plots (a) and (b) were truncated for ease of visualization

difference in the relative contributions of speed-up events to total displacement are due differences in the percent change in

speed, not the duration of the speed-ups: speed-up events during quiescence account for 15% of the total recording period

compared to 17% during the surge’s recording period.

4 Discussion

Our observations of speed variability in relation to rain events during the surge and subsequent quiescent period of Sít’ Kusá275

broaden our understanding of how a temperate surging glacier’s drainage system evolves across surge cycles. A key finding

of our study was that across both the surge and quiescent phase, speed-up events coincide with rain events. This suggests that

short lived pulses of water to the glacial system drive short term glacier accelerations (Horgan et al., 2015; Bartholomaus et al.,
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Table 2. The length of record in days, the total distance traveled in meters, the cumulative distance traveled from speed-ups in meters, the

percentage of total displacement as a result of speed-up events, and the percentage of time accounted for by the speed-up events for each

GPS record. All values were rounded to one decimal place.

Station

name

Surge

phase

Length of

record [days]

Total distance

traveled [m]

Speed-up cumulative

distance [m]

% of displacement

from speed-ups

Cumulative percentage of

time from speed-ups

Ice09-2110 Quiescent 12.5 0.9 0.7 0.8 0.1

Ice11-2108 Quiescent 40 2.2 1.4 0.6 0.1

Ice11-2208 Quiescent 72.2 19.7 5.5 0.3 0.1

Ice11-2308 Quiescent 14 0.9 0.7 0.7 0.1

Ice11-2408 Quiescent 67.4 5.3 3.4 0.6 0.1

Ice12-2008 Surge 41.4 503.5 34.5 0.1 0.3

Ice14-2008 Surge 69.4 794.3 34.5 0.1 0.2

Ice15-2106 Surge 62.1 207 17.2 0.1 0.1

Ice15-2208 Quiescent 73.5 8.5 4.1 0.5 0.1

Ice15-2308 Quiescent 26.2 5.4 2.7 0.5 0.4

2008; Vieli et al., 2004; Mejia, 2016) throughout the surge cycle. We interpret rain events followed by a peak in speed (high

sensitivity events) as indicative of a lower efficiency subglacial drainage system and those without a speed-up (low sensitivity280

events) as indicative of a predominantly efficient subglacial drainage system. Based on this, we suggest that during the surge,

the glacier’s drainage system is, on average, less efficient when compared to quiescence; rain-induced speed-ups are more

frequent and more immediate, longer-lasting, and greater in magnitude during the surge. Nevertheless, signs of both efficient

and inefficient subglacial drainage systems were observed across both phases.

There are a number of sources of uncertainty in both our speed time series and our rain estimates, as described below,285

but we are confident in our broad-scale interpretations. Sít’ Kusá is an extremely difficult site to instrument due to its deep

snowpack, steep mountain slopes, and extensive crevassing, resulting in limited temporal GPS coverage. Our records are

limited to mostly late-summer and fall and the spatial coverage is limited to the glacier reservoir zone, so the scope of our

investigation of subglacial drainage is restricted. However, despite their short coverage, they provide novel opportunities to

assess the difference in surging and non-surging flow speeds at spatially-distributed locations on a surging glacier.290

Snow burial prevented us from maintaining a Rock base station over the entire recording period, inhibiting our ability to

perform precise kinematic post-processing. Despite this, we are confident in our analysis of speed variability at Sít’ Kusá

because were able to remove obvious atmospheric signals through time-domain filtering as demonstrated with our limited base

station record (Fig. 3a) and we focused on speed anomalies with a lower frequency than the primary atmospheric signals (den

Ouden et al., 2010).295

The comparison with the Yakutat Airport weather station (Fig. 6) indicates that the difference in observed and modeled

daily rain varies in sign and magnitude between rain events, potentially obscuring real relationships between speed-up and
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rain event characteristics. Systematic biases in the timing of modeled rain relative to observed events, along with the relatively

coarse temporal resolution (4 hrs) used to bin speeds, may contribute to the lag between rain onset and the resulting speed-ups.

However, biases in model timing or speed binning should result in a uniform time lag that cannot explain the differences in the300

timing of speed-ups during the surge and quiescence.

Advection was one potential source of uncertainty in our speed time series that we were able to confidently eliminate through

comparisons with remotely sensed velocities, an assessment further described in the Supplement (section 1.1). Advection of

GPS through regions with different geometries and boundary conditions could have caused changes in speed during the time

series that were independent of variations in environmental forcing. Results from this analysis aligned with other interpretations305

of the GPS data suggesting that advection into different flow regimes played no substantial role on the GPS speed time series.

Results from this section and interpretations of these results are further discussed in the Supplement (Section 2.2).

Despite sources of uncertainty we remain confident in our analysis and interpretations. During quiescence, although speeds

are slow, approximately half of the large rain events are accompanied by a speed-up, approximately 24 hours after the onset of

rain (Fig. 10b). This suggests that the reservoir zone is underlain by an efficient subglacial hydrologic system that can become310

episodically overwhelmed by rain. Since the reservoir zone falls within the ablation zone of the glacier and our observations

are from the end of the melt season, temporary water retention in a snow or firn layer cannot explain the lagged speed-up

events. The glacier is highly crevassed, and no surface water impoundment is evident, suggesting that surface water can rapidly

enter the englacial system (Terleth et al., 2024; Liu et al., 2024). Instead, we attribute this lag to a retention of water within

the englacial system or within the underlying till. As rain events persist, water in the subglacial system gradually accumulates,315

lowering friction at the bed and eventually triggering a speed-up. Englacial and subglacial storage have been previously called

upon to explain winter acceleration of Sít’ Kusá and other Alaskan glaciers (Lingle and Fatland, 2003; Zhan, 2019; Liu et al.,

2024). Differences in the relative abundance of distributed cavities and channels throughout the reservoir zone during the surge

and quiescence would potentially be associated with a higher threshold of water accumulation needed to trigger a speed-up

during quiescence as supported by the higher median rain accumulation before the onset of rain-induced speed-ups during320

quiescence. Such storage could also explain why some rain events do not cause speed-ups and why there are speed-ups not

associated with rain events: englacially- or subglacially-stored water does not necessarily require a rain event in order to be

released.

Sít’ Kusá’s kinematic sensitivity to large rain events during the surge is greater than during quiescence, but the subglacial

drainage system is not fundamentally different during the surge than during quiescence. We interpret the gradual ~2 week-long325

speed-up in the paired surge records (Fig. 8a) as an indicator that water at the bed is gradually accumulating, reducing effective

pressure and promoting faster sliding (Sugiyama and Gudmundsson, 2004). This gradual speed-up ended with three large rain

events within ~10 days (Fig. 8a), each resulting in a short term speedup followed by an “extra slowdown”. Such events have

also been observed at the non-surging Yahtse and Columbia glaciers in coastal Alaska and at Hansbreen Glacier in Svalbard

(Mejia, 2016; Vieli et al., 2004; Meier et al., 1994). Each of the three speed-ups were similar to other rain-induced speed-330

ups during the surge (Fig. 10a), which were more immediate, longer-lasting, and greater in magnitude than those observed

during quiescence. However, the subsequent slow-downs following the events suggest that the subglacial drainage system can
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reorganize into a more efficient state even during the surge. Similar slow-downs have been observed at non-surging mountain

glaciers in response to pulses of water inputs and have been attributed to improved drainage efficiency,which increases the

effective pressure at the bed and decreases sliding speeds (Horgan et al., 2015; Mejia, 2016). Furthermore, the termination of335

Variegated Glacier’s 1995 surge coincided with a large rain event and the discharge of turbid water at the glacier terminus,

supporting our inference that rain can drive dramatic reorganization of subglacial drainage systems during a surge (Eisen et al.,

2005).

Traditionally, surges of temperate glaciers have been viewed as oddities, characterized by long periods of slow flow, typically

associated with efficient subglacial drainage, punctuated by shorter episodes of rapid motion attributed to enhanced basal340

sliding driven by water accumulation at the bed (Kamb et al., 1985; Terleth et al., 2024; Harrison and Post, 2003; Thøgersen

et al., 2024). Our observations of rain-induced speed-ups suggest that components of an inefficient and efficient drainage

system can persist throughout the surge and quiescence phase. There is reduced kinematic sensitivity relative to the surge

which could indicate that the subglacial drainage system is more efficient during quiescence, however there is also evidence

for water drainage during the surge and also unexpected signs of water impoundment during quiescence. These conclusions345

are in line with previous research on Sít’ Kusá (Liu et al., 2024; Terleth et al., 2024) and support the notion that surges are a

part of a spectrum of kinematic instabilities driven by a progressively changing subglacial drainage system rather than a binary

switching of drainage states (Terleth et al., 2023; Herreid and Truffer, 2016). Although our observations of varying levels of

subglacial drainage efficiency during the surge are short lived, longer disruptions of the drainage system as a result of seasonal

increases in water inputs to the bed can have broad implications for surge evolution (Liu et al., 2024). Additionally, as rain on350

glaciers becomes more common (on Climate Change, 2019; Llactayo et al., 2024), it is possible that rain will drive changes in

the frequency of surges (Terleth et al., 2023) and the duration of surges as well.

Although the duration of rain events and their resulting speed-ups may be short lived, their effects can compound over

time. On average, during quiescence, rain events accounted for 51% of glacier displacement and a non-trivial 6% of glacier

displacement during the surge. Although it is possible that the kinematic sensitivity to rain is different for non-surging glaciers,355

GPS observations from Tasman Glacier, New Zealand, indicate that large non-surging mountain glaciers are also sensitive to

rain events (Horgan et al., 2015). At Tasman Glacier, rain events can drive 10% or more of annual glacier displacement (Horgan

et al., 2015). This combined with the fact that rain on ice flow is expected to increase in frequency as a result of climate change

could have implications for future glacier mass loss (Llactayo et al., 2024; on Climate Change, 2019). To fully account for how

glacier flow will change as the climate warms, it is important to understand how fluxes of water flow into and out of the glacier360

system and how these fluxes influence glacier flow. Failing to do so over the full range of time scales that glacier speeds can

vary limits our prediction of flow instability and glacier mass loss.

5 Conclusions

Detailed glacier surface speeds and rain estimates from Sít’ Kusá, Alaska, reveal that across both the surge and quiescent

phase, rain events drive short-term speed-ups. During the surge, 56% of rain events triggered a speed-up compared to 46%365
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during quiescence. In addition, during the surge rain-induced speed-ups were more immediate (12 hrs between rain onset and

glacier acceleration compared to 32 hrs), longer-lasting (66.5 hrs in duration compared to 33 hrs), and greater in magnitude (

7.5 m/d peak in speed compared to 1.5 m/d) compared to quiescence. Altogether, the higher kinematic sensitivity of the glacier

to rain events during the surge supports the notion that surging glaciers are underlain by less efficient subglacial drainage

systems during a surge than during their quiescent phases. However, nearly half of the rain events did not result in speed-ups370

during either the surge or quiescence, indicating that there is not a binary switch from an inefficient system during a surge to

an efficient system during quiescence. These observations of kinematic insensitivity to rain, combined with observations of

speed-ups not caused by obvious rain events, also suggests that there are other factors that influence the velocity response, for

example, water may be retained englacially or within till for some period of time after it falls as rain on the glacier surface.

Although these observations are limited to primarily one season (~August-November), this study marks the first systematic375

investigation of short-term changes in kinematics at a surge-type glacier during a surge and the following quiescent period. This

work supports our evolving understanding of surges as part of a spectrum of kinematic instabilities driven by a progressively

changing subglacial drainage system.
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