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Abstract11

The hydrogeology of volcanic terrain exhibits characteristics that reflect both a legacy12

of volcanic construction and transient evolution of bedrock hydraulic conductivity on mil-13

lion year timescales. Here, we study a drainage basin in the Central Oregon High Cas-14

cades in which Holocene lava flows dammed streams, creating seasonal lakes that fill with15

the spring snowmelt, and drain completely over the summer. The filling and draining16

of these lakes depends both on the volume of snowmelt and the permeability of their porous17

lava dams, providing a natural experiment for disentangling multiscale hydraulic prop-18

erties from climate. We measure the drainage of two seasonal lakes in the watershed of19

permanent Clear Lake (the highest elevation permanent source of the McKenzie River)20

with in situ sensors and satellite remote sensing, and compare this with the larger scale21

summer recession of the McKenzie river at the outlet of Clear Lake. Clear Lake reces-22

sion is modeled with 2 parallel linear reservoirs, which are linked to aquifer properties23

and imply watershed scale transmissivity that varies with spatial scale of the aquifer. We24

also find, using remote sensing-derived timeseries, that all three systems, but particu-25

larly the draining lakes, have responded to declining snowpack since 1990. These results26

suggest that seasonal variations in surface water storage encode the structure of volcanic27

aquifers generally, and can be used to infer groundwater dynamics in the Cascade Range.28

Plain Language Summary29

The Oregon Cascades are home to thousands of lakes, some of which are seasonal.30

We investigate Lost Lake and Fish Lake, lakes that are bordered by some of the youngest31

basaltic lava flows in the Central Oregon cascades. Unweathered basaltic lava is perme-32

able and sucks up precipitation like a rocky sponge, where it then flows underground.33

Lost Lake and Fish Lake were rivers until they were dammed by the young lava flows34

at 2.7→7.4 ka. They get inundated with water during the spring snowmelt, and a lake35

forms that slowly drains over the summer. We deployed sensors on the lakebeds to mea-36

sure lake levels from 2022-2024, and extend this data record back to 2017 using satel-37

lite remote sensing imagery. Permeability is estimated by modeling lake drainage into38

the porous substrate. We compare the drainage of these seasonal lakes to streamflow re-39

cession of nearby Clear Lake, a permanent, but also lava-dammed, lake whose basin con-40

tains the smaller seasonal systems. We find that the inferred hydrologic properties vary41

systematically with inferred spatial scale, indicating heterogeneity of the groundwater42

system. The dynamics of recession/draining in all three systems are correlated to snow-43

pack, which has exhibited a declining trend since 1990.44

1 Introduction45

Landscapes constructed from young, dominantly basaltic (mafic composition) lava46

flows and intrusions inherit highly anisotropic and multiscale permeability associated with47

lava flow structures such as: cooling joints, brecciated interfaces, and lava tubes. These48

macro-porosity features have some similarities to karst (Ford & Williams, 2007), although49

their physical origin di!ers. For example, porosity increases through time in karst sys-50

tems due to chemical weathering, but generally decreases through time in volcanic de-51

posits as porosity is occluded due to fines infiltration (Porder et al., 2007) and chemi-52

cal weathering (Lohse & Dietrich, 2005). In wet climates, the groundwater dynamics of53

young volcanic landscapes (flow ages less than ↑ 2 Ma (Karlstrom et al., 2025)) dom-54

inate hydrographs of surface streams, as infiltration dominates runo! due to the high55

vertical permeability. These young landscapes are able to transmit vast quantities of wa-56

ter (Swarzenski et al., 2017; Brooks et al., 2025; Tague & Grant, 2004), and can host mas-57

sive regional aquifers (Karlstrom et al., 2025; Lindholm, 1996). The High Cascades Province58

of the Central Oregon Cascades is home to one such young volcanic aquifer (Tague &59

Grant, 2004; Je!erson et al., 2006).60
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The Oregon Cascades is divided into two geologic provinces, the High Cascades and61

the Western Cascades (Taylor, 1990). The High Cascades are young (< 2 Ma) basalts62

that are highly permeable (Tague & Grant, 2004; Karlstrom et al., 2025). Streams sourced63

from this province have low annual variation in discharge and large summer baseflow in64

the absence of recharge (Tague & Grant, 2004; Karlstrom et al., 2025). The High Cas-65

cades hosts a regional aquifer that sustains summer streamflow (Tague & Grant, 2004;66

Karlstrom et al., 2025). The Western Cascades are older (> 2→7 Ma) basalts that are67

less permeable (Tague & Grant, 2004; Je!erson et al., 2010; Karlstrom et al., 2025). As68

a result, the province is highly channelized. Its streams are flashy and runo! dominated,69

baseflow derives from local hillslopes that drain over the summer (Tague & Grant, 2004).70

Volcanic e!usion rates in the High Cascades outpace erosion, leading to a > 1 km71

thick mass of undissected lava, volcanic edifices, and young intrusions that define the to-72

pographic crest of the mountain range and orographic precipitation gradient (O’Hara73

& Karlstrom, 2023). Large amounts of precipitation recharge an aquifer > 80 km3 in74

volume, largely confined to younger High Cascades rocks near the summit of the range75

(Karlstrom et al., 2025). The adjoining Western Cascades province exhibits hydrogeo-76

logic characteristics more typical of fractured mountain bedrock landscapes (Gabrielli77

et al., 2012). The High Cascades aquifer sustains summer streamflow to the Willamette78

River to the west and Deschutes River to the east, with cold stream temperatures and79

steady discharge that provide critical habitat for salmon and native bull trout (Tague80

et al., 2007). Despite comprising 12.5% of the Willamette River’s watershed area, wa-81

ter from this region accounts for 30% - 75% of summer streamflow near its confluence82

with the Columbia River (Brooks et al., 2025). However, the hydrogeologic structure of83

this landscape and the resilience of its groundwater resources to climate change are un-84

derstudied.85

Groundwater research in the High Cascades is hampered by a lack of well data and86

steep, forested terrain that impedes geophysical measurements. Previous studies have87

modeled spring discharge on the eastern side of the range (Manga, 1996, 1997), inferred88

groundwater flow from temperature-depth profiles in the few geothermal exploration wells89

(Ingebritsen et al., 1992; Karlstrom et al., 2025; Saar & Manga, 2004), and examined sta-90

ble isotopes from springs (James et al., 2000; Je!erson et al., 2006). A regional ground-91

water flow model of the Deschutes river watershed (including the eastern slopes of the92

High Cascades) found that 0.9 km3 of water crosses the crest into the east each year (Gannett93

et al., 2017), which suggests that topography alone does not control hydrologic pathways.94

In this study, we aim to evaluate the multiscale groundwater dynamics in a single95

catchment of the volcanic Central Oregon Cascades. To do this, we measure the filling96

and draining of two seasonal lakes using pressure transducers and satellite remote sens-97

ing data. These lakes have no permanent surface outlet and drain through their perme-98

able lakebeds in the summer. We idealize their draining as a natural falling head per-99

meameter test to calculate the permeability and transmissivity of these lakebeds. We100

compare the draining of these seasonal lakes to summer baseflow recession from the out-101

let of a groundwater-fed permanent lake (Clear Lake), whose watershed contains the sea-102

sonal lakes. We model this streamflow recession as the drainage of 2 parallel linear reser-103

voirs to calculate a watershed-scale transmissivity, and compare these 3 transmissivity104

values to other measurements in the region. Long-term satellite remote sensing data il-105

luminates changes in the filling and draining of the seasonal lakes as regional snowpacks106

decline, providing some insight into expected future groundwater dynamics in a chang-107

ing climate.108
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Figure 1. a) Map of study area, showing lakes as polygons. The three labeled lakes are

the focus of this study. SNOTEL sites at Hogg Pass and Santiam Junction are labeled, as is

the USGS streamflow gauge at the outlet of Clear Lake. b) Map of bedrock ages in study area

(Sherrod & Smith, 2000), along with flows and scoria cones of the Sand Mountain Volcanic Field

(Deligne et al., 2016). c) Cross section of A-A’ line, with the rough location of the Sand Moun-

tain Volcanic Field highlighted. d) Sinkholes (possibly lava tubes, partially filled with tephra

from the Sand Mountain eruptions (McKay, 2012)) in the bed of Lost Lake that water flows into.

e) Fish Lake in June. f) Fish Lake in August. Photos by Leif Karlstrom (d) and Alex Simpson

(e-f).

2 Methods: Data109

2.1 Study Site110

Our study area encompasses the 238 km2 watershed of Clear Lake (44.3684 N, -111

121.9949 E), the highest elevation permanent source of the McKenzie river, which flows112

from its outlet (Figure 1). Lost Lake (44.4323 N, -121.9067 E) and Fish Lake (44.4012113

N, -122.0137 E) are two highly seasonal lakes located within the Clear Lake watershed.114

–4–



manuscript submitted to Water Resources Research

Within the watershed is a series of basaltic-andesite Holocene (2.7→7.4 ka) lava flows115

from the Sand Mountain Complex (Deligne et al., 2016). These lava flows feature mor-116

phologies typical of basaltic lava flows, with blocky jointed interiors and rubbly flow tops/bottoms,117

and many were fed by lava tubes (Deligne et al., 2016). Clear Lake is bordered by these118

lavas on its eastern shore (Figure 1b), where numerous springs and seeps can be found119

underwater (Stearns, 1929). Lost Lake and Fish Lake border these lava flows “upstream”120

of Clear Lake (Figure 1b). All 3 lakes were formed in antecedent river valleys that were121

dammed by these lava flows (Taylor, 1990), and stream channels can be seen flowing in122

Lost Lake and Fish Lake even when the lakes have drained (Figure 2a and e). Lost Lake123

has no surface outlet and appears to drain down macropores (perhaps lava tubes par-124

tially filled with tephra, Figure 1d, although joint and brecciated flow tops/bottoms are125

also possible) in its lakebed. Similar structures have been reported at Fish Lake, although126

it also has an ephemeral surface outlet leading to nearby Clear Lake. Lost Lake was a127

High Cascade stream that was dammed by the Sand Mountain lava flows. Fish Lake was128

a Western Cascade stream before being dammed. 75% of Clear Lake’s watershed is within129

the High Cascades province, and it shows characteristics of High Cascades streams. The130

rest of its watershed is in the Western Cascades. Clear Lake itself sits at the boundary131

of the High and Western Cascades. There is a graben structure at this boundary, and132

Clear Lake is underlain by a basin-fill diamict unit (Black et al., 1987).133

2.2 Discharge and Precipitation Data134

A USGS gauge (14158500) measures discharge of the McKenzie River just down-135

stream from the outlet of Clear Lake. Daily discharge data has been collected contin-136

uously since 1947. However, we only use data from water years 1990-2024 to align with137

the temporal range of available remote sensing data for Lost and Fish Lakes. We use unit138

discharge in mm/day for our analysis (computed by dividing discharge by Clear Lake139

drainage area of 238 km2), but refer to it as discharge in the rest of this study. Clear Lake’s140

level is nearly static year round, yet it discharges 27 times its volume in an average wa-141

ter year. With a retention time of 14 days (Johnson et al., 1985), discharge from Clear142

Lake in the typically dry summers of the region reflects drainage of the regional aquifer.143

There are 2 SNOTEL sites in the watershed of Clear Lake, Santiam Junction at144

1140 m elevation and Hogg pass at 1463 m. Daily precipitation and snow-water equiv-145

alent (SWE) data has been collected since 1978 for Santiam Jct. and 1979 for Hogg Pass.146

Like discharge data from Clear Lake, only data from the 1990-2024 water years are used147

in this study. This region has cold, wet winters and warm, dry summers (Figure 4a). To-148

tal precipitation is the same at both stations, 2 m/year on average. Precipitation is pre-149

dominantly rain, with snow a significant but declining portion. From water year 1990150

to 2024, snow went from being 43% to 32% of precipitation at Hogg Pass, and 28% to151

20% of precipitation at Santiam Junction. Maximum snowpack is declining at a rate of152

0.4 mm/year at Santiam Junction, and 19 mm/year at Hogg Pass.153

Lost Lake and Fish Lake lose water to evaporation in addition to seepage. This flux154

must be considered as it may artificially increase the seepage rate. Although direct mea-155

surements are not available at Lost and Fish Lakes, it is reasonable to assume similar156

evaporation rates as at nearby Crater Lake (another high elevation Cascade lake ↑ 160157

km to the southwest) of 76 cm/year (Redmond, 2007). A water budget for springs east158

of the crest imply ET rates of 43-98 cm/year (Manga, 1997), indicating that evapora-159

tion from Crater Lake is reasonably representative of the entire region. Assuming a con-160

stant evaporation throughout the year means the lakes lose 2 mm/day. But evaporation161

is not constant year round, and estimates from a meteorological buoy on Crater Lake162

indicate late summer and early autumn (Aug-Nov) have the greatest evaporation rates163

(Redmond, 2007). The water-air temperature di!erence is at its greatest during this time,164

and wind speeds increase towards their winter maximums. Evaporation also occurs in165

the winter, at a higher rate than in late spring/early summer, even when precipitation166
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is falling. Thus, 2 mm/day is likely an upper bound of evaporation during lake drainage167

in the early summer (Jun-Jul), and a lower bound during lake drainage in the winter.168

2.3 In Situ Measurements169

We use a combination of remote sensing and direct instrumental measurement to170

quantify the rate of draining for Lost and Fish lakes. Onset Hobo Pressure-Temperature171

transducers are used to collect pressure-temperature data, which is converted to height172

of water above the sensor via hydrostatic balance (see Appendix A for more details). We173

note these values do not equal maximum lake depth, as the sensors were not deployed174

in the deepest part of the lakes (Figure 3). We obtained 1 year of water depth data for175

Fish Lake, the 2024 water year (Oct 1st to Sep 30th), and 2 years for Lost Lake, the 2023-176

2024 water years (Figure 4c).177

Lake levels have a broadly similar temporal signature to discharge from Clear Lake;178

however, the lakes often run dry while Clear Lake experiences a long recession in the sum-179

mer (Figure 4b-c). There are several smaller drainage events each year before the final180

drainage in the summer (distinguished from periods where the lake was full in part through181

measured temperature of the sensor, see Appendix A and Figure 4c). The full extent of182

drainage measured by our in situ sensors is not known, since the sensors were not at the183

deepest part of the lake. Drainage periods longer than 14 days are chosen to quantify184

the rate of lake drainage (Figure 4c). The start of each drainage event is peak level be-185

fore the start of the decline and the end is when water level begins to increase again, or186

when the sensor reaches 0 in the summer.187

2.4 Remote Sensing188

We extend our lake drainage record back to 2017 using optical satellite imagery time189

series of lake area (Figure 5). Satellite-based lake area time series are generated using190

PlanetScope surface reflectance imagery with ↑ 3 m spatial resolution and daily tem-191

poral resolution. Cloud cover reduces valid observations to a “near-daily” frequency. To192

estimate lake area, we first reprojected each image to UTM zone 10N. Due to the vari-193

ations in atmospheric conditions and radiometric calibration between PlanetScope sen-194

sors (Houborg & McCabe, 2016), as well as di!erences in shoreline complexity and veg-195

etation reflectance values among lakes, a universal water classification approach was un-196

suitable given the precision required for this study. In Fish Lake, the similarity in re-197

flectance values between open water and the forested hillside prevented us from classi-198

fying open water using Normalized Di!erence Water Index (NDWI) (McFeeters, 1996)199

values. Given the relatively simple shoreline, we manually digitized lake polygons in QGIS200

for each image and recorded the area in km2. An NDWI thresholding approach is more201

suitable for Lost Lake, where the presence of emergent vegetation produces a more com-202

plex shoreline and a bimodal NDWI histogram. Therefore, we converted PlanetScope203

images of Lost Lake to NDWI images, and classified water using an Otsu threshold (Otsu,204

1979). We manually inspected each image and removed observations from the time se-205

ries that were negatively a!ected by atmospheric conditions. Due to snow, ice, and cloud206

cover this data is only reliable in summer, when the lakes drain.207

Monthly resolution ESA GSWO (Pekel et al., 2016) satellite remote sensing opti-208

cal band data are too temporally coarse for model validation, but do capture long term209

trends in lake surface areas. We downloaded the Pacific Northwest tile for each month210

from April 1984 to December 2021. We use data from the 1990 water year onwards, as211

early Landsat data had many erroneous values (0 values in between two full values). We212

defined masks for all 3 lakes and added up each grid of water within the lake masks to213

get the mean surface area that month (Figure 2). We analyze long term trends in lake214

surface area, as surface area is related to depth and volume of water in the lake.215
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a)

c) d)
b)

e)

f)
g) h)

Figure 2. Workflow for processing GSWO data. (a) and (e) Satellite images; (b and (f)

hillshade of 1-m LiDAR digital elevation models. (c)-(d) Lake surface area of Fish Lake at two

times in 2021, sensor locations marked. (g) and (h) Lake surface area for Lost Lake at two times

in 2021, sensor locations marked.

Using known heights from the pressure sensor and known areas from remote sens-216

ing data, we then derive hypsometries to convert satellite derived surface area data into217

lake depth. The Lost Lake depth-area relationship was produced with 2023 data (Fig-218

ure 6a) and validated with 2024 data (Figure 6b). The average misfit of 0.12 m from Lost219

Lake’s validation is used for all satellite data. The satellite data does not capture the220

maximum possible extent, based on shorelines, and the sensors do not capture the full221

drainage of the lakes since they are not in the lowest points of the lakes. Known lakebed222

geometry from Oregon Department of Geology and Mineral Industries (DOGAMI) ↑ 1 m223

horizontal resolution LiDAR DEMs are used to fill in these blanks. These DEMs have224

a vertical accuracy of 3 cm. Unfortunately, the western edge of Fish Lake shows tinning225

artifacts. This may be because Fish Lake is at the border of two di!erent LiDAR acqui-226

sition programs (one run by DOGAMI, the other by the US Forest Service), or there may227

have been water in it during that specific acquisition. We convert surface area data to228
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depth by interpolating along the hypsometry (Figure 3), and the sensor data is corrected229

for the static o!set between the sensor and the bottom of the lake.230

Figure 3. Hypsometries for Lost (a) and Fish (b) Lakes. The red curves are calibrated hyp-

sometries derived from in situ sensor depth and corresponded satellite-derived surface areas, and

blue curves are hypsometries derived from LiDAR DEMs of the lakebeds. The black dashed lines

are the in situ sensor elevation.

3 Methods: Models231

To interpret hydrologic timeseries described in the previous section, we apply two232

classes of models that are commensurate in complexity with the data.233

3.1 Falling Head Permeameter Model234

For lake drainage, we recognize similarities in this process to a falling head perme-235

ameter – a laboratory test in which drainage of a saturated porous sample is used to char-236

acterize sample conductivity through changes in height of a connected water column. We237

can thus use the lake drainage timeseries to back out hydrogeologic properties of the lake’s238

volcanic bedrock. In a falling head permeameter, changes in water level over time can239

be related to hydraulic conductivity as240

K = →L

ω
ln

(
hf

hi

)
, (1)241

where K is hydraulic conductivity (units of m/s), L is length of the flow path taken242

in the subsurface, hi is the initial hydraulic head (lake level), hf is the final level, and243

ω is the elapsed time (Fetter, 2001). We focus on major losses of water lasting more than244

14 days (Figure 4c). We take the lake level when a drainage event starts, the lake level245

when it stops, and the duration of the events. We account for evaporation by multiply-246

ing the drainage duration by the daily evaporation rate and adding that to the final lake247

level.248

In contrast to laboratory falling head permeameter experiments where geometry249

is known, the biggest source of uncertainty in equation 1, apart from K, is the length250
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L. Straight lines from Fish and Lost Lakes to Clear Lake are used, 2150 m and 10,000251

m respectively, but there is no way to know the exact flow paths groundwater takes be-252

tween these lakes. The Sand Mountain Volcanic Field is in between Lost Lake and Clear253

Lake (Figure 1c). It is possible that these vent structures intercept water (Deligne et al.,254

2016). Given that 0.9 km3/year of water flows across the Cascade Crest into the Metolius255

river watershed (Gannett et al., 2017) adjacent to Clear Lake, it’s possible (although un-256

likely) that the groundwater divide is between Lost Lake and Clear Lake. However, Fish257

Lake almost certainly drains into Clear Lake as there is an ephemeral stream linking the258

two.259

Another source of uncertainty is that equation 1 assumes a homogeneous, isotropic260

porous medium. In reality, the aquifer is highly anisotropic and heterogeneous (Ingebritsen261

et al., 1992; Saar & Manga, 2004). We expect that, following (Manga, 1996, 1997; Jef-262

ferson et al., 2006), the property we infer via this model is horizontal hydraulic conduc-263

tivity. Finally, it is possible that the lakes are not the water table of the regional aquifer.264

If the lakes are perched features, then a more complex model would be required.265

If the aquifer is homogeneous, isotropic, and fully saturated, hydraulic conductiv-266

ity can be related to permeability by267

K =
kεg

µ
, (2)268

where k is permeability, ε is density of water (1000 kg/m3, g is acceleration due269

to gravity (9.8 m/s2) and µ is viscosity of water (10→3 Pas). If the material is anisotropic,270

this relation instead reflects the dominant permeability mediating flow.271

3.2 Stream Recession Analysis of the McKenzie River at Clear Lake272

In contrast to the simple drainage of Lost and Fish Lakes, we require a more com-273

plex model to describe summer recession of the McKenzie River at Clear Lake.274

Groundwater sustains streamflow in the absence of precipitation. The falling limb275

of hydrographs, stream recessions, are often modeled as a power law relating changes in276

discharge dQ/dt to instantaneous discharge Q277

→dQ

dt
= aQb (3)278

where a can be related to aquifer properties and b the size of the aquifer via the Boussi-279

nesq equation for unconfined porous flow over a rigid substrate (Brutsaert & Nieber, 1977).280

Interpretations of a and b in the literature assume a homogeneous, isotropic, rect-281

angular, unconfined aquifer with a horizontal, impermeable base with a fully or partially282

penetrating stream at one end, and a no-flow boundary at the other (Brutsaert & Nieber,283

1977; Brutsaert & Lopez, 1998; Parlange et al., 2001). The exponent b is often assumed284

to equal 1 for long time periods (making equation 3 equivalent to a “linear reservoir”,285

Chow et al. (1988)), 1.5 for a “late-time” solution when the aquifer has lost enough wa-286

ter that the no-flow boundary at the drainage divide influences discharge, and 3 for an287

“early-time” solution when the aquifer is saturated enough that the no-flow boundary288

does not influence the solution (Brutsaert & Nieber, 1977). Other b-values can result289

from relaxing the initial assumptions. For example, b can equal 2 for a late-time solu-290

tion if permeability has a power-law relationship with depth (Rupp & Selker, 2005), and291

can equal 0 for shallow, sloping aquifers (Bogaart et al., 2013).292

At low discharge q, change in discharge dq is often less than measurement preci-293

sion of the stream gauge, leading to horizontal banding that can impact curve-fitting (Rupp294

& Selker, 2006). There are several di!erent techniques to reduce this impact (Tallaksen,295
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1995; Rupp & Selker, 2006; Tashie et al., 2020), we choose to perform a “master reces-296

sion” analysis that shows the average response of the system at high and low flow.297

Recession periods are identified by finding consecutive days where the change in298

mean daily discharge with time (dqdt , where dt = 1) is negative. If a recession period lasts299

longer than 3 days, we take the median discharge and mean change in discharge, reduc-300

ing the event to a single point in the point cloud, and plot it on a log-log graph (Fig-301

ure 8a-b). Change in discharge can be related to discharge with equation 3.302

In general, a depends on the value of b (Brutsaert & Nieber, 1977). Traditionally,303

a b = 1.5 and a b = 3 curve is fit to the lower envelope of the recession point cloud.304

The inflection point where the aquifer changes from an early to a late-time solution can305

solve the system of equations for aquifer properties (Parlange et al., 2001). However, this306

approach assumes that the late-time solution is applicable for small Q, and the early-307

time for large Q. The opposite relationship is found in the High Cascades (Tague & Grant,308

2004), so direct applicability of these equations is unclear and warrants further study (likely309

requiring numerical solutions that account for known layered structure (Saar & Manga,310

2004; Rupp & Selker, 2005; Ingebritsen et al., 1992)).311

Instead, we elect to model the long summer recession as the drainage of parallel312

linear reservoirs. This approach can still provide insight into the recession exponent b,313

because the ratio of reservoir retention times for 2 parallel linear reservoirs can be linked314

to the recession exponent.315

3.3 Linear Reservoir Model316

Given an average characterization of recession through the master recession expo-317

nent, we can now focus on the summer recession specifically. To do so we employ lin-318

ear reservoir theory, a common semi-empirical framework for modeling hydrologic sys-319

tems (Chow et al., 1988).320

A linear reservoir is one in which discharge (Q) is linearly proportional to storage321

(S), Q = ϑS. ϑ is the reservoir constant. It has units of time→1, its inverse is often called322

the reservoir retention time, the time it takes for initial storage or discharge to decay by323

e. In the event that b = 1, this is a in equation 3.324

Summer recession is isolated with the same technique in the previous section, ex-325

cept it must last at least 100 days. We chose this cuto! for several reasons. First, is to326

allow for a transition from quick flow to slow flow, and a long tail end of slow flow. Sec-327

ond is to filter out years with a summer rainstorm that interrupted the summer reces-328

sion. The longest recession event of the calendar year, as the summer recession can of-329

ten last until the beginning of the new water year in October, is isolated. 31 out of 35330

years had a recession event that met these criteria, always in the summer. During the331

tail end of summer recessions, there are often small (↑ 1 cfs) oscillations in discharge332

with no corresponding precipitation events at the SNOTEL sites. We assume that these333

are instrument error and smooth the hydrograph with a savgol filter (Savitzky & Go-334

lay, 1964) (with polynomial order 3, and a window length of 15) to get rid of this e!ect,335

but we fit the model to the unsmoothed data.336

We first model summer recession as the drainage of a single linear reservoir, but337

this does not adequately model the behavior of the system (Figure 8a). Summer reces-338

sion from Clear Lake exhibits 2 slopes, quick drainage at the beginning of the recession,339

then slow drainage for the rest of summer (Figure 8a, Figure 4b). The two slopes are340

well fit with 2 parallel linear reservoirs (Rimmer & Hartmann, 2012; Bonacci, 1993) with341

reservoir constants ϑs and ϑf . The ratio of reservoir constants rω can be related to re-342

cession b-value via343

ra =
ϑf

ϑs
=

4b→ 2±
√
(2→ 4b)2 → 4

2
, (4)344
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(Gao et al., 2017; Roques et al., 2022).345

The summer hydrograph from Clear Lake is the sum of discharge from both of these346

reservoirs,347

Q = nQ0e
→ωst + (1→ n)Q0e

→ωf t, (5)348

where Q0 is the initial discharge, n is the fraction of Q0 arising from the slow flow reser-349

voir, and ϑf = ϑs/rω.350

In a similar manner to the falling head permeameter model, we can relate these reser-351

voir constants to hydraulic properties. Provided that a linear reservoir is well approx-352

imated by a Boussinesq aquifer (Gelhar & Wilson, 1974), reservoir constant ϑi (with i =353

s, f) can be related to aquifer properties with354

ϑi =
3Ti

ϖiL2
i

, (6)355

where Ti is transmissivity (m2/s) for each reservoir, ϖi is porosity, and Li is aquifer length356

(Gelhar & Wilson, 1974). Because there is no assumed spatial relationship between the357

parallel fast and slow reservoirs, in general these parameters can be distinct.358

4 Results359

Our integration of direct and remote sensing of summer lake drainage with anal-360

ysis of the Clear Lake hydrograph allows us to understand surface water dynamics in the361

absence of significant precipitation influence simultaneously at multiple scales within a362

volcanic drainage basin. We discuss our results in the following order: lake drainage, falling363

head permeameter model, stream recession analysis of the McKenzie River at the out-364

let of Clear Lake, and linear reservoir modeling.365

4.1 Lake Draining366

Lost and Fish Lakes only fill from snowmelt, as seen in Figure 4c. Summer rain-367

fall in 2023 had negligible impact on lake levels. Both lakes drain completely over the368

course of 1-2 months in the summer, at an average rate of 4 cm/day for Lost Lake, 11369

cm/day for Fish Lake. Both rates outpace the assumed evaporation rate of 2 mm/day,370

meaning that water loss is primarily into the ground. There are also smaller filling and371

draining events during the winter, associated with water accumulation from specific storms.372

A lack of wells in the study area, and inferred residence times of 7 years (Je!erson et al.,373

2006) make constraining flowpaths with any certainty challenging. Lost Lake and Fish374

Lake are small relative to Clear Lake’s discharge. Their combined volumes (when full)375

are 33% of Clear Lake’s volume, but only account for ↑ 4% of Clear Lake’s summer dis-376

charge. Therefore, their drainage constitutes only a minor perturbation to Clear Lake’s377

hydrograph. All three lakes had similar average temperatures of ↑5↑C from December378

2023 - June 2024, a period when all lakes were filled with water.379

While the rates are similar for all years measured, the timing of lake drainage has380

not been constant. Over 30 years from 1990-2021, Lost Lake drainage time has shifted381

systematically earlier in the summer, from October to July (Figure 10a). This shift cor-382

responds to declining maximum snowpack depths in the region (Figure 10b, f). Lost lake383

also fills earlier in the year, as snow melts earlier with warming temperatures, but it reaches384

the same maximum volume. Fish Lake consistently drains by August over our 30 year385

dataset (Figure 10c), but fills earlier in the year and reaches a larger maximum volume.386

Fish Lake’s behavior could reflect a faster snowmelt, or increasing winter rainfall.387

In contrast to Lost and Fish Lake, Clear Lake’s surface area is nearly static sea-388

sonally over our 30 year GSWO dataset. It discharges 27 times its volume from its out-389

let each water year on average, and 8 times its volume during summer recession on av-390

erage. Thus, flow during summer recessions must be entirely groundwater flow from the391
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Figure 4. Hydrologic data for the 2023-2024 water years. Note di!erent X axes between

panels. a) Precipitation and Snow Water Equivalent (SWE) from Santiam Jnc and Hogg Pass

SNOTEL stations. b) Clear Lake daily mean discharge and hourly water temperature, from

USGS-14158500. c) Lost and Fish Lake mean daily sensor depths and hourly water temperatures,

collected as part of this study. Lake drainage events used in modeling highlighted in black. The

data gap for Lost Lake in 2023 was a result of the sensor being temporarily removed, drainage

from May 2023 to July 2023 is treated as a single event.

aquifer to sustain streamflow and lake levels. Clear Lake is also seeing declining sum-392

mer streamflow with declining snowpack (Figure 10e), by 9% percent over 30 years.393

4.2 Falling Head Permeameter Model394

We identified 6 drainage events for Lost Lake and 4 for Fish Lake for the 2023-2024395

water years from the in situ sensors. Remote sensing data only captured the summer drainage.396

0.77↓106 m3 drains out of Lost Lake in 44 days on average, 2.2↓106 m3 out of Fish397

Lake in 44 days. The log-ratio of final to initial lake level is plotted against elapsed time398

in equation 1 and hydraulic conductivity K is calculated from the slope (Figure 7). Per-399

meability is calculated from equation 2, and reported as an order of magnitude due to400

the many simplifying assumptions made in this model. Permeability of Lost Lake is on401

the order of 10→10 m2, while Fish Lake is smaller, 10→11 m2. Uncertainty from the 95%402

confidence intervals does not change the order of magnitude of permeability for either403

lake. Permeability in the region is both anisotropic and decreases with depth (Ingebritsen404

et al., 1992; Saar & Manga, 2004). These values are within the range of near-surface hor-405

izontal permeabilities from previous studies, 10→11 m2-10→9 m2 (Manga, 1997; Je!er-406

son et al., 2006), but outside the range of bulk horizontal permeabilities incorporating407

deeper flow, 10→14 m2-10→12 m2 (Ingebritsen et al., 1992; Saar & Manga, 2004), and larger408
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Figure 5. Lost (a) and Fish (b) Lake surface area time series from Planet data.

Figure 6. Sentinel-2 derived lake depths compared to measured lake depths for Lost Lake in

2023 (a) and 2024 (b), and Fish Lake in 2024 (c).

than vertical permeability, 10→14 m2 (Saar & Manga, 2004). For comparison, “perme-409

able basalt” can range from 10→15 m2-10→10 m2, “clean sand” from 10→9 m2-10→5 m2,410

and gravel from 10→6 m2-10→3 m2 (Freeze & Cherry, 1979).411

4.3 Stream Recession Analysis and Linear Reservoir Modeling412

Fitting equation 3 to the point cloud of streamflow recession events yields b = 2.07±413

0.07 (95% CI). The physical meaning of this value is discussed later. From equation 4,414
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Figure 7. Graph of log lake drainage vs. time until drained, where hf is the final height of

water above sensor and hi is the initial height of water, based on equation 1, for (a) Lost (b)

and Fish lakes. The slope of the line and 95% Confidence Intervals (CI) is related to hydraulic

conductivity through equation 1

this means that slow reservoir retention time is roughly 6 times longer than quick reser-415

voir retention time. The slow reservoir has a mean retention time of 165 ± 40 days, and416

the quick reservoir’s is 27 ± 7 days (Figure 8b). There is a correlation between reser-417

voir constants and max Snow Water Equivalent (SWE) over 35 years (Figure 8c).418
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Figure 8. (a) Clear Lake discharge for the 2024 calendar year is used to illustrate our model-

ing technique for equations 3 and 4. Calendar year is used instead of water year since late sum-

mer discharge often lasts after the start of the water year. Recession events are noted as yellow

dots, except for the summer recession, which is a black line. The median discharge of the en-

tire event, which equation 3 if fit to, is noted as a blue square. The subpanel shows the summer

recession fit with a linear reservoir model and two parallel linear reservoirs in more detail. (b)

Recession plot (instantaneous discharge Q against its time rate of change dQ/dt) for recession

events satisfying conditions described in the text. Red curve is least squares fit, corresponding

to the recession exponent b in equation 3. 95% confidence interval (CI) is shown. The recession

events from the 2024 calendar year are noted with blue squares. (c) Slow and fast reservoir re-

tention times from equation 6, the inverse of the reservoir constants (1/ωs, 1/ωf ) versus max

SWE at each SNOTEL station, for time spanning 1990-2024. Linear fits are dashed lines.

5 Discussion419

The three lakes studied here represent streams that were dammed by Holocene lava420

flows from the Sand Mountain Volcanic Complex. These lava dams impede the flow of421

water, and lakes form as a result, with lake size dictated by maximum recharge from snow-422

pack and lava dam height relative to surrounding topography. The smaller Lost Lake423

and Fish Lake systems run out of water in the summer, the larger Clear Lake system has424

enough recharge to sustain streamflow and lake levels. The drainage of Lost and Fish425

Lakes can be explained simply by porous drainage (Darcy’s Law, as embodied by equa-426

tion 1). The implied permeability of the Sand Mountain lavas varies by at least an or-427

der of magnitude across its extent, which is reasonable considering the heterogeneous phys-428

ical volcanology on display (Deligne et al., 2016). This range is also consistent with sim-429

ilar estimates of lava flow hydrogeologic properties in other locations (Lindholm, 1996;430

–15–



manuscript submitted to Water Resources Research

Izuka & Rotzoll, 2023; Rotzoll & El-Kadi, 2008). In this section, we discuss several im-431

plications of our findings for the hydrogeology of young volcanic landscapes.432

5.1 Hydrogeologic Structure433

The three lakes studied here represent three di!erent scales with similar origin and434

a similar location to assess hydrogeologic structure. Saar and Manga (2004) modeled the435

isothermal temperature-depth profile of a geothermal borehole at Santiam Pass, just East436

of (and drilled at slightly higher elevation than) Lost Lake. They found a near surface437

horizontal permeability of ↑ 10→12 m2 and a vertical permeability of ↑ 10→14 m2. Ingebritsen438

et al. (1992) found a bulk permeability on the order of 10→14 for rocks > 2.3 Ma by an-439

alyzing similar borehole temperature profiles in the Oregon Cascades. Je!erson et al. (2006)440

studied springs flowing through the shallow crust (30 - 120 m), and found a horizontal441

permeability ranging from 10→11→10→9 m2. Saar and Manga (2004), largely summa-442

rizing work from Manga (1997), also lists shallow (< 100 m), horizontal permeabilities443

of springs on the east slope of the High Cascades within the same range. The perme-444

abilities implied by the drainage of Lost Lake and Fish Lake are in the range of values445

for the shallow crust, implying shallow, predominantly horizontal flow into the ground-446

water system. As depth of flow increases, permeability decreases.447

The variation in reservoir constants ϑs and ϑf (Figure 8c) demonstrate the non-448

linearity of the system (Wittenberg, 1999; Kirchner, 2009). We calculate bulk horizon-449

tal transmissivities for the two linear reservoirs that characterize drainage from Clear450

Lake using equation 6. The lengthscale of these compartments is uncertain, and ground-451

water divides may not follow topographic divides in this region. Our calculation of aquifer452

properties depends on the lengthscales we choose (Figure 9a). We pick geographic length-453

scales, and a common porosity of 0.1 for both (Ingebritsen et al., 1992), and find trans-454

missivities of 0.59 ± 0.15 (std.) m2/s for the slow flow reservoir and 0.37 ± 0.1 (std.)455

m2/s for the quick flow reservoir.456

Previous research in the region conceptualized the High Cascades as having two457

compartments: shallow, quick-draining local hillslopes and a large, deep, regional aquifer458

sustaining summer streamflow (Tague & Grant, 2004). From this characterization, we459

relate the slow flow reservoir to summer drainage of the regional aquifer and the quick-460

flow reservoir to fast-draining shallow flow paths. The quickflow reservoir could be a com-461

partment associated with Holocene lavas or vent structures of the Sand Mountain Vol-462

canic Field. This volcanic complex borders Clear Lake on its eastern shore, and created463

the lake when its lavas dammed the ancestral McKenzie River 2.9-3 ka (Stearns, 1929;464

Deligne, 2012). The lake levels of Lost and Fish Lakes mirror the discharge of Clear Lake465

(Figure 4b-c), and the seasonal lakes finish draining near the inflection point where the466

quickflow reservoir for Clear Lake is extinguished (Figure 4). In this scenario, Lost Lake467

and Fish Lake may represent the water table of this aquifer compartment.468

Transmissivity is the product of aquifer thickness and hydraulic conductivity. We469

use the depth of isothermal or inverted temperature-depth profiles from a geothermal470

borehole between Clear Lake and Fish Lake (Youngquist, 1980) as a proxy for aquifer471

thickness, and relate hydraulic conductivity to permeability with equation 2. The isother-472

mal section extends to a depth of 558 m (1835 ft). This would be a lower bound of aquifer473

thickness. We do not know how deep the isothermal section extends, drilling stopped be-474

cause the drillers were only contracted for 2000 ft wells. The drill logs note a 25 m thick475

basalt unit at the surface. If we assume this shallow 25 m thick basalt unit is the quick476

flow reservoir, that implies a permeability on the order of 10→9 m2, uncertainty in trans-477

missivity did not change order of magnitude. Taking the remaining depth as the slow478

flow reservoir, this implies a permeability on the order of 10→11 → 10→10 m2.479

The quickflow reservoir may instead represent the drainage of the Western Cascade480

portion of Clear Lake’s watershed. 25% of Clear Lake’s watershed is in the Western Cas-481
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cade province (Figure 1b), and there are several small Western Cascades streams that482

flow into Clear Lake. However, much of this Western Cascades drainage is intercepted483

by High Cascades lava flows before it can reach Clear Lake, as in the case of the creek484

feeding Fish Lake. A regional study of High vs. Western Cascade stream summer reces-485

sion would be needed to test between these hypotheses, to see how much variance there486

is within these provinces and between them through time.487

We use elevation di!erence between the seasonal lakes and Clear Lake as proxy for488

aquifer thickness to calculate transmissivities of Lost Lake and Fish Lake. Figure 9b shows489

how the transmissivities of our study area compare regionally. Je!erson et al. (2006) looked490

at springs on the Western slope of the High Cascades, and used a porosity of 0.15. Manga491

(1997) looked at streams on the Eastern slope, and used a porosity (that he equated to492

specific yield) of 0.2. We see that transmissivity/specific yield has a near-linear relation-493

ship with scale length, increasing by 0.46 m2/s per km of observation scale, indicating494

a highly heterogeneous aquifer (Sánchez-Vila et al., 1996). This interpretation is also sup-495

ported by krigging analysis of ground-water a!ected lengths of geothermal borehole temperature-496

depth profiles. Karlstrom et al. (2025) shows that aquifer thickness is not uniform re-497

gionally. There are zones of thick aquifers, which also supports the compartmentaliza-498

tion of the High Cascades aquifer. Our study site is in the thickest portion of the aquifer499

inferred by Karlstrom et al. (2025). This thickness may be influenced by the diamict unit500

underlying Clear Lake, as low permeability units (such as sediments) can create thick501

lenses of groundwater in basalt aquifers (Izuka & Gingerich, 2003).502

5.2 Insights into the hydrogeology of volcanic terrains503

Figure 9. (a) Parameter trade-o!s in model equations from equations 1 and 6 when applied

to our study site. Graph plots Transmissivity/Specific Yield (T/Sy) versus aquifer scale length

for Clear Lake, Lost Lake, Fish Lake. Error range is the standard deviation for the linear reser-

voir constants derived from Clear Lake data between 1990 and 2024 water years, and the 95%

confidence interval bounds for Lost and Fish Lakes for 2017-2024 water years. Map distances

between lakes and geographic features shown in black (Figure 1). (b) Best guess for geometry

parameters collapses the trade-o!s in (a) for T/Sy, and permits comparison to other published

estimates (Manga (1997) in black and Je!erson et al. (2006) in blue). Dashed black line is a lin-

ear fit to all data points, slope of 0.46 m2/s/km.

The regional increase in transmissivity with aquifer size (Figure 9b) indicates the504

regional aquifer is highly heterogeneous (Sánchez-Vila et al., 1996). Even the spatially505

and temporally coterminous lava flows Fish Lake and Lost Lake drain into vary in per-506

meability by an order of magnitude. This is in line with other young basalt regions, where507

hydraulic conductivity and permeability can often range across 3-4 orders of magnitude508

–17–



manuscript submitted to Water Resources Research

(Rotzoll & El-Kadi, 2008; Izuka & Rotzoll, 2023; Lindholm, 1996; Lachassagne et al., 2014;509

Charlier et al., 2011; Schilling et al., 2023). Compartmentalization is common in young510

basalt aquifers, which can be highly layered and discontinuous (Lachassagne et al., 2014;511

Violette et al., 2014; Schilling et al., 2023; Adikari, 2015). Heterogeneity could be a re-512

flection of these features.513

The intrinsic physical properties of lava flows, and variation in hydrogeologic struc-514

ture as flows age, likely control this heterogeneity. The variable age of lava flows impacts515

water flow both from fines infiltration (e.g., volcanic ash or glacial till from regional de-516

posits) and chemical weathering (clay formation). The thickness of lava flows is a known517

factor (Izuka & Rotzoll, 2023). Much of the permeability of lava flows comes from in-518

terflow zones (rubbly flow tops and bottoms) (Manga, 2001; Izuka & Rotzoll, 2023). Basalt519

aquifers that are a sequence of many thin flows often have a greater horizontal perme-520

ability than sequences of a few thick flows (Izuka & Rotzoll, 2023). Of course, the ex-521

istence of fractures, faults, and large porosity features such as flow tubes cannot be dis-522

counted, but these features would likely manifest as controlling transmissivity at scales523

similar to flow length. The cluster of points on < 10 km scales similar to flows observed524

regionally (e.g., Figure 1b) may indicate that individual flow units have transmissivity/specific525

yield of ↑ 1→2 m2/s. Future research is needed to quantify how these factors control526

permeability.527

Lava flows damming rivers are a characteristic feature of volcanic landscape evo-528

lution, and the apparent stability of these features in our study area represent a contrast529

to lava dams in other systems. The longevity of lava dams (and associated lakes) vary530

between ↔ 1 year for historical eruptions such as Laki in Iceland (Boreham et al., 2020),531

1-100’s years in the Colorado River (Crow et al., 2015), to potentially ↑ 1 → 10 ka in532

the Deschutes (Deligne et al., 2017) and Owyhee River (Ely et al., 2012). Permeability533

of emplaced lavas, such as we infer here, as well as hydrologic properties of the substrate,534

river discharge, and pre-existing topography, all seem to be factors for lava dam longevity535

(Boreham et al., 2020).536

We end this section by noting that the ephemeral hydrologic features we have fo-537

cused on in the Central Oregon Cascades are relatively common in volcanic landscapes538

generally. The large vertical permeabilities of young lava flows (Ingebritsen et al., 1992;539

Saar & Manga, 2004; Karlstrom et al., 2025) results in low surface runo! (Urrutia et al.,540

2019; Tague & Grant, 2004; Karlstrom et al., 2025; Manga, 1997) and losing streams (Lachassagne541

et al., 2014; Charlier et al., 2011). Many aquifers are perched, and vertically recharge542

lower elevation aquifers (Violette et al., 2014; Lachassagne et al., 2014). In the South-543

ern Washington Cascades, similar seasonally draining lakes are found in other areas where544

Quaternary volcanic output is dominated by mafic lava flows, such as South Prairie Lake545

(Hudec et al., 2019).546

5.3 Resilience to Climate Change547

Current projections indicate precipitation in the Oregon Cascade Range will switch548

from snow dominated to rain dominated due to projected air temperature increases over549

the next 50 years (Fleishman, 2025). Total precipitation is expected to remain static or550

increase by a small amount, while snowpack is predicted to decrease by 45% in the Cas-551

cade Range by mid-century (2045-2074) (Fleishman, 2025). This new regime may cause552

higher winter streamflow, but lower summer streamflow (Tague et al., 2008). Western553

Cascade streams are predicted to see a larger percent-reduction in summer streamflow,554

and High Cascade streams are predicted to see a larger absolute reduction (Tague et al.,555

2008). The long term changes in lake drainage patterns between Lost Lake and Fish Lake556

reflect these predictions. Fish Lake was a Western Cascade stream before being dammed,557

Lost Lake was a High Cascade stream. Both draining lakes have been impacted by de-558
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creasing snowpack, but Lost Lake dramatically so (Figure 10). Over the past 30 years,559

Lost Lake went from having water into October to being dry by July.560

Figure 10. a and c) Average monthly lake surface areas for first and last 5 years of available

ESA GSWO data for Lost (a) and Fish (c) lakes. b and d) Lost (b) and Fish (d) Lake drainage

curves for every year, colored by max SWE. Lakes are draining earlier in the year as snowpacks

decrease. e) Average monthly discharge from the outlet of Clear Lake. f) Max SWE each water

year over time. Hogg Pass is losing 19 mm/year on average, Santiam Junction 0.4 mm/year.

Decrease in surface area and discharge over 30 years is observed, correlating with a decrease in

SWE.

Western Cascade streams are fed by local hillslope aquifers and experience a pro-561

longed summer recession and low baseflows (Tague & Grant, 2004). The system that fed562

Fish Lake always ran out of water in the summer as a result. High Cascade streams are563

fed by both their local hillslopes and a large, regional aquifer which sustains high sum-564

mer baseflows (Tague & Grant, 2004) and may not follow topographic boundaries (James565

et al., 2000; Je!erson et al., 2006; Gannett et al., 2017). The system that feeds Lost Lake566

used to sustain it well into October, at least. Now, we infer that the High Cascade Lost567

Lake is behaving more like the Western Cascade Fish Lake and is now primarily recharged568

by its local hillslopes.569
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A change this dramatic has not propagated downstream to Clear Lake. The de-570

cline in snowpack that caused a total decline in summer lake levels for Lost Lake have571

only caused a 9% decline in mean-daily August streamflow out of Clear Lake (Figure 10e),572

and our recession analysis shows that Clear Lake is still in an “early time” regime. Lost573

Lake is at a higher elevation than Clear Lake, this could mean the water table has fallen574

below Lost Lake but is still sustaining Clear Lake. Geothermal boreholes in the region575

support this interpretation. Isothermal or inverted temperature-depth profiles imply aquifer576

thicknesses of around 600 m near Clear Lake, and 1000 m at Santiam Pass. These are577

almost certainly lower bounds on aquifer thickness, the drilling ceased before an end to578

these profiles was reached due to contracting. However, more work is needed to quan-579

tify the impact projected decreases in snowpack will have on Clear Lake, the High Cas-580

cades Regional Aquifer, or other groundwater-fed lakes in the High Cascades, such as581

Waldo Lake or Big Lake (Johnson et al., 1985).582

6 Conclusion583

The highly permeable basaltic bedrock that constructs the Oregon Cascades, com-584

bined with the high precipitation, creates a large groundwater system. Regionally, this585

groundwater system is heterogeneous and compartmentalized, which is reflected in a near-586

linear relation between transmissivity/specific yield and lengthscale of slope 0.46 m2/s/km.587

This young volcanic landscape hydrologically behaves less like a fractured mountain land-588

scape and more like an immature karst landscape (Ford & Williams, 2007) due to lava589

flow structures like cooling joints, breccia, and lava tubes. The lava flows that constructed590

this landscape buried existing terrain, damming streams that form lakes when inundated591

by water in the spring snow melt. The time it takes these lakes to drain is controlled by592

the permeability of these basalt dams. As snowpacks decrease, these lakes drain sooner.593

Fish Lake, a dammed Western Cascade stream, has not seen a dramatic change. Lost594

Lake, a dammed High Cascade stream, has changed dramatically. Over 30 years, drainage595

time has shift from October to July (Figure 10a). Impacts of declining snowpack are also596

observed in the larger Clear Lake system, although it appears more resilient than the597

smaller subsystems of Fish and Lost Lake. Our results highlight how volcanic history598

controls the movement of water in mafic landscapes.599

7 Open Research600

Pressure-temperature and surface area data from Lost and Fish Lakes have been601

deposited on hydroshare http://www.hydroshare.org/resource/3f5bc470cd924b9494dbb429777c4a56.602

Clear Lake discharge and temperature data was downloaded from https://waterdata603

.usgs.gov/nwis. SNOTEL data was downloaded from https://wcc.sc.egov.usda.gov/604

nwcc/tabget. ESA GWSO data was downloaded from https://global-surface-water605

.appspot.com/download.606
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Appendix A Converting Pressure-Transducer Data into Water Depth613

We measure lake water depth variations in the following way. In August, when Lost614

Lake and Fish Lake are drained, Onset Hobo Pressure-Temperature transducers are strapped615

to rebar using zip ties, then driven into the lakebed so that the sensor is as close to the616
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lakebed as possible (a few centimeters above it). These sensors are also strapped to trees617

(above snow depth) outside the shoreline to correct for atmospheric pressure fluctuations618

(Figure 2). Water pressure (maximum error 0.62 kPa, Onset (n.d.)) is converted to height619

of water above each lakebed sensor via hydrostatic balance P = εgh, where P is pres-620

sure, ε is density of water, g is acceleration due to gravity, and h is depth of water over621

the sensor.622

Water temperature (accuracy ±0.44↑C, Onset (n.d.)) is also collected by the pres-623

sure transducers, and is used in winter to confirm that the pressure change is from wa-624

ter and not snow. When covered with water, there is little diurnal variation in the tem-625

perature time series compared to when the sensor is in the air (Figure 4c).

Figure A1. Pressure correction for the lake sensors. a) Pressure on the lakebed compared to

air pressure. b) Water pressure on the lakebed after correcting for atmospheric pressure.

626
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