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ABSTRACT

Wildfires in the snow zone affect ablation by removing forest canopy, which enhances surface solar irra-

diance, and depositing light absorbing particles [LAPs, such as black carbon (BC)] on the snowpack, reducing

snow albedo. How variations in BC deposition affects post-wildfire snowmelt timing is poorly known and

highly relevant to water resources. We present a field-based analysis of BC variability across five sites of

varying burn age and burn severity in the Cascade Range, Washington State, United States. Single particle

soot photometer (SP2) analyses of BC snow concentrations were used to assess the impact of BC on snow

albedo, and radiative transfer modeling was used to estimate the radiative effect of BC on snowmelt. Results

were compared to Snowpack Telemetry (SNOTEL) data from one site that burned in 2012 and another in a

proximal unburned forest. We show that post-wildfire forests provide a significant source of BC to the

snowpack, and this effect increases by an order of magnitude in regions of high versus low burn severity, and

decreased by two orders of magnitude over a decade. There is a shift in the timing of snowmelt, with snow

disappearance occurring on average 196 9 days earlier post-wildfire (2013–19) relative to pre-wildfire (1983–

2012). This study improves understanding of the connection between wildfire activity and snowmelt, which is

of high relevance as climate change models project further decreases in snowpack and increases in wildfire

activity in the Washington Cascades.

1. Introduction

The snowpack plays an important role in the Earth

system by modulating climate and providing a seasonal

reservoir of water resources. In mountainous regions of

the western United States, snowmelt accounts for more

than 70% of the annual streamflow (Barnett et al. 2005;

Li et al. 2017). In the Cascade Range of Washington

State,.50% of the annual precipitation accumulates as

snow during the winter and spring, with subsequent melt

runoff augmenting the dry summer (Mote 2006; Elsner

et al. 2010; Vano et al. 2010). The availability of water

resources is thus strongly related to the persistence of

seasonal snowpack. In the western United States, spring

snowpack is in widespread decline (Mote et al. 2018).

This impact has been most pronounced in regions where

winter temperatures are close to the freezing point, such

as the U.S. Pacific Northwest and the Cascades. Here,

slight warming can shift snowfall to rain and increase

ablation rates, compromising the reliability of snow

water resources (Nolin and Daly 2006).

In addition to warming temperatures, changes in snow

surface albedo impact melt rates and timing. Snow has

the highest albedo of any naturally occurring surface on

Earth, with fresh snow able to reflect 80%–90% of solar

radiation (Warren and Wiscombe 1980). Deposition on

the snow surface of light-absorbing particles (LAPs)

such as black carbon (BC; commonly referred to as

soot), organic carbon (OC), and dust darken the sur-

face, reduce albedo, and increase the solar radiation

absorbed by the snowpack (Hansen and Nazarenko

2004; Andreae and Gelencsér 2006; Painter et al. 2012).Corresponding author: SusanKaspari, kaspari@geology.cwu.edu
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Slight reductions in snow albedo can increase melt

rates and alter the timing and magnitude of seasonal

streamflow (Hall 2004; Flanner et al. 2009; Skiles

et al. 2012).

Warming temperatures and less persistent snow cover

have led to increases in wildfire frequency, magnitude,

severity, and duration in the western United States

(Westerling et al. 2006; Littell et al. 2010; Flannigan et al.

2013). Fire suppression activities in the Cascade Range

and elsewhere have altered the presettlement fire re-

gime, resulting in increased forest density and altered

species composition, especially in lower-elevation for-

ests (Arno 1980; Smith and Fischer 1997; Wright and

Agee 2004). This has led to high burn severity wildfires

on the eastern slope of the Cascade Range since the

1980s that have created large areas of burned forest

exceeding historical conditions of snag production, oc-

currence, and decay (Everett et al. 1999). From 2000 to

2012, 80% of all wildfires in the western United States

occurred in the seasonal snow zone, burning 44 000km2

(Gleason et al. 2013). The summer fire season is pro-

jected to extend by 20 days by the middle of this century,

while the area burned by fire regionally is projected to

increase by 100%–250% (Littell et al. 2010; Flannigan

et al. 2013).

Wildfires in the seasonal snow zone decrease forest

canopy cover, which increases shortwave solar radiation

that reaches the snow surface, and deposit LAP which

reduces surface albedo (Burles and Boon 2011; Winkler

2011; Harpold et al. 2014). Previous studies have dem-

onstrated that post-wildfire deposition of burned woody

debris on the snow advanced the timing of snowmelt by

23 days compared to an unburned forest the first winter

following awildfire, and burnedwoody debris accelerated

snowdepletion for three subsequent years post-wildfire in

the Oregon Cascades (Gleason et al. 2013; Gleason and

Nolin 2016). Using satellite imagery Gleason et al. (2019)

observed that snow disappeared on average 5 days earlier

in approximately 850 burned forests compared to nearby

unburned forests across the western United States, and

this trend persisted for.10 years after fire. Furthermore,

Gleason et al. (2019) used surficial snow samples to

demonstrate that post-wildfire deposition of BC on snow

increased the radiative forcing on snow for up to 15 years

following fire occurrence. In the Pacific Northwest, high

concentrations of BC are not limited to the snowpack in

recently burned forests, but have also been reported on

glacier surfaces during the forest fire season (Delaney

et al. 2015; Kaspari et al. 2015). Thus, the impacts of BC

deposition on regional snow water resources can be far

reaching and can persist for many years post-wildfire.

Despite important advances from recent studies, more

work is needed to better constrain howBC from charred

trees contributes to snow albedo reductions and how this

effect varies with burn age and burn severity. These

dynamics are not currently considered in operational

snowmelt forecasting, or in Earth systemmodels (e.g., Li

et al. 2013). Resolving the effects of wildfire on snow-

pack is of critical importance in the western United

States and particularly in the Cascade Range, where

snow water resources are at exceptional risk of climate

change and severe wildfire (Nolin and Daly 2006; Allen

et al. 2010). Here, we present field- and laboratory-

based experiments of snow surface BC to assess how BC

deposition in post-wildfire forests varies temporally,

spatially, and with burn severity. These data are then

used to model the contribution of post-wildfire deposi-

tion of BC to altered snowmelt rates in the Cascade

Mountains of Washington State, and compared to

Snowpack Telemetry (SNOTEL) data from a burned

and unburned SNOTEL station in the study area.

2. Methods

a. Site description

Fieldwork was conducted at five locations in the

Okanogan–Wenatchee and Mt. Baker–Snoqualmie

National Forests in Washington State, United States

(Fig. 1). BC concentrations in the snowpack are highest

after the date of maximum snow water equivalent

(SWE), when seasonal snow accumulation has ceased

and BC loss due tomelt is minimal (Delaney et al. 2015).

Because of this, snow samples and photographs (section 2b)

were collected after peak SWE as measured by regional

SNOTEL sensors (http://www.wcc.nrcs.usda.gov/snow) to

measure the maximum BC deposited in a given location

over the entire snow accumulation season. For all sites

used in this study, sampling areas were identified using

data provided by theMonitoring Trends in Burn Severity

project (MTBS.gov), which uses Landsat imagery col-

lected since 1984 tomap the extent of each burn area, and

divides burn severity into four categories (unburned, low,

moderate, and high) based on the alteration of vegetation

and landscape. These maps have a resolution of 30m and

are used to study the post-wildfire effects on landscapes as

well as assess hazards including erosion and increased

runoff (Eidenshink et al. 2007). These maps were used to

identify large, contiguous areas of homogenous burn se-

verity which were fairly recognizable in the field by snag

condition, and all sampling locations were recorded

using a handheld GPS and referenced against the MTBS

data using ArcMap geographic information system (GIS)

software (https://desktop.arcgis.com/en/arcmap/).

The primary study area (Table Mountain; Fig. 1) was

sampled on seven days total in March–April 2015 and
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April–May 2016. The Table Mountain fire (ignited on

8 September 2012) was sampled in mixed burn severity

areas, with mixed forest density and mostly standing

snags. This area contains the Grouse Camp SNOTEL

station (47.28088N, 120.48788W, 1643m), which was

completely burned in the 2012 fire (Fig. 2), and promptly

rebuilt in the exact same location with the same type of

snow pillow (S. Pattee 2016, NRCS, personal communi-

cation), allowing comparison of SWE from pre- and

post-wildfire years. We also use data from the Trough

FIG. 1. Map of Washington State including the four study sites (A, B, C, and D) and two control sites: Tronsen Meadow (E) and

Stevens Pass (F). Insets include burn severity maps with sample locations included in black circles (modified fromMTBS.gov). SNOTEL

sites are shown as triangles on the state map, and labeled for inset A.

FIG. 2. (a) Pre- and (b) post-wildfire conditions in 2012 at the Grouse Camp SNOTEL site, which was classified as high burn severity

(photographs courtesy of Scott Pattee), and (c) the unburned Trough SNOTEL site (NRCS).
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SNOTEL station (47.2332518N, 120.42941578W, 1670m)

located in an unburned area 15 km downwind of the

Table Mountain burn (Fig. 1).

Additional study sites of varying burn age were

identified in the Washington Cascades. For compari-

son to an older burn area, the Tripod Complex (ig-

nited on 24 July 2006) was sampled in moderate to

high burn severity areas with high forest density and

substantial snag fall. The most recent fires in this study

both ignited on 14 August 2015. The Black Canyon

fire (part of the Chelan Complex) was sampled in a

moderate burn severity area with low forest density.

The Lime Belt fire (part of the Okanogan Complex)

was sampled in a high burn severity area with high

forest density and all standing snags. Control samples

were collected at the lightly burned Tronsen Meadow

and unburned Stevens Pass in March and April of

2016. The former site is adjacent to Table Mountain

and has prior BC concentration data from 2012 to

2013 (Delaney et al. 2015), which was used in con-

junction with data collected during this study. The

latter site is far removed and upwind of any recent

regional wildfires. All sites used in this study are in a

similar elevation range, are pine and fir dominated,

and the prevailing wind direction is west-northwest

(https://wrcc.dri.edu). Sample locations within each

study area were selected to capture the full range of

snow conditions, from fresh snow with no surrounding

snags to visibly darkened snow in severely burned

areas. Care was taken to sample in flat, contiguous

areas of anthropogenically undisturbed forest far re-

moved from access roads. Site data and forest char-

acterization are included in Table 1.

b. Field methods

Data collection in the field consisted of snow sample

collection and measurements of snow depth, density,

and SWE. Albedo is most strongly affected by BC

content at the snow surface, or in the top few centime-

ters (Skiles and Painter 2017), and BC generally accu-

mulates at the surface during the melt process, further

accelerating melt in a positive feedback (e.g., Doherty

et al. 2014). Thus, snow samples for BC analysis were

collected from the surface (upper 2 cm) at each site

using a clean polypropylene 14 cm 3 25 cm rectangle

into sealable Whirlpak polyethylene bags, and directly

into 50-mL polypropylene vials. Cores of the snowpack

at each site were collected to measure total BC depos-

ited in the snowpack. Cores were collected with a Snow-

Hydro 160-cm coring tube with a 6.2-cm diameter,

removed from the coring tube using a custom-made

PVC plunger with care taken to minimize sample

compression, and then divided into approximately

80-cm segments and collected into polyethylene bags.

The snowpack density was calculated using the coring

tube dimensions, core sample mass, and the height of

the snowpack.

To measure how BC deposition on the snowpack

changes with burn severity, snow surface samples were

compared for 1) all post-wildfire study sites and 2) only

the Table Mountain site to control for variations in BC

deposition with burn age. These data were compared to

samples collected at Tronsen Meadow and Stevens Pass

in unburned areas adjacent to and far removed from

wildfire areas, respectively (Fig. 1). To measure the

difference in BC deposition as burned trees age and

decay, snow samples were collected in forests of varying

burn age. Sample ages (denoted as year since fire) were

calculated as the difference in the collection date of the

sample and the ignition date of the corresponding fire,

and range from 0.7 years for the Okanogan and Chelan

Complexes to 2.65 and 3.75 years for Table Mountain

and 9.8 years for the Tripod Complex.

c. Laboratory methods

1) SAMPLE PREPARATION

All snow samples were kept frozen at218.08C until

just prior to analysis. Vial samples were melted di-

rectly by partial submersion in a warm water bath,

while Whirlpak and core samples were transferred to

clean, preweighed 500-mL Pyrex jars before melting.

Following complete melt, all samples were sonicated

for 15min prior to analysis in a Branson 5510 soni-

cator filled with ultrapure deionized water. All sam-

ples were analyzed by the single particle soot photometer

(SP2) shortly after melting to minimize losses in mea-

sured BC concentrations when stored in the liquid phase

(Menking 2013; Wendl et al. 2014).

2) SINGLE PARTICLE SOOT PHOTOMETER

ANALYSIS

The SP2 (DropletMeasurement Technologies, Boulder,

Colorado) measures the number and size of BC particles

using neodymium-yttrium aluminum garnet (Nd-YAG)

laser-induced incandescence. Photometers detect the

thermal radiation produced by individual BC particles.

This method is advantageous due to the use of small

sample volumes (;5mL) and minimal interference

from other LAPs in the sample (e.g., Gao et al. 2007;

Kaspari et al. 2011; Schwarz et al. 2012; Torres et al.

2014; Wendl et al. 2014; Mori et al. 2016).

BC calibration standards ranging from 0.5 to 30mgL21

were prepared daily using Aquadag (Acheson Industries,

United States), a graphite-based lubricant. Calibration

curves were created to correct measured BC concentrations,
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and all analyses were blank-corrected based on ultra-

pure deionized water blanks (;18 MV cm21, 25.08C).
Samples with a highly visible particle load (or sam-

ples with measured incandescent particle concentra-

tions above the highest calibrated value) underwent

serial dilutions, and three samples were measured

from each snow sample, both to check the precision

of the dilution and to assess the heterogeneity of

the sample.

Samples were analyzed while being magnetically

stirred for increased homogeneity. The setup used for

these measurements includes an Ismatec peristaltic

pump (Cole-Parmer, Wertheim, Germany) set to

0.14mLmin21 and calibrated every 15–20 samples,

that delivers liquid sample to a Cetac Marin-5 neb-

ulizer set to 1108C heating, 58C cooling following

Mori et al. (2016). The Marin-5 receives standard

laboratory air at 1000 sccm (standard cubic centimeters

per minute; 1.000Lmin21) that is regulated by a flow

monitor (Alicat Scientific, Inc., Tucson, Arizona) con-

nected to a Drierite Gas Purifier, which removes any

moisture or particulates from the air. Raw data were

collected using Droplet Measurement Technologies’

SP2 Acquisition Software Version 4.1. Between 5000

and 50 000 particles were recorded to a data file for

each sample depending on the sample incandescent

concentration (number of particles per cm3 of sam-

ple). BC concentrations were determined using the

SP2 toolkit 4000 (Paul Scherrer Institute, Villigen,

Switzerland).

d. Radiative transfer modeling for albedo and
radiative forcing

Snow albedo measurements were not made coinci-

dent with snow sampling for BC content. Therefore,

spectral snow albedo was modeled with the Snow,

Ice, and Aerosol Radiation model (SNICAR; Flanner

et al. 2007), which computes multiple scattering

and reflectance from snow and LAP mixtures across

470 bands (0.3–5.0mm) at 10-nm resolution. LAP

mixing ratios can be specified for multiple particle

types, including BC and dust, though for this study

the only LAP input was the BC concentrations mea-

sured using the SP2 (see section 2c). Snow prop-

erty inputs include snow effective grain size, snow

density, snow depth, and concentrations of LAP. Other

inputs include the solar zenith angle, type of atmo-

sphere for irradiance distribution, and ground/substrate

albedo.

Our objective was to characterize the magnitude of

snow albedo decline and the radiative forcing—the en-

hanced surface absorption of shortwave radiation due to

the presence of LAP—that corresponds to sampled BC

concentrations to constrain the potential contribution to

enhanced melt from BC radiative forcing. We modeled

albedo for a range of sampled BC concentrations for two

TABLE 1. Sample site information and forest characterization (from inciweb.nwgc.gov). The letters under ‘‘site’’ correspond to the lo-

cations shown in Fig. 1.

Site Location

Elevation

(m) Date burned Date(s) sampled

Area burned:

high severity

(km2) Forest characterization

A. Table

Mountain

47.24358N 120.55958W 1920 8 Sep 2012 19 Mar 2015, 15 Apr

2015, 23 Apr 2015,

29Apr 2015, 02Apr

2016, 12 Apr 2016,

11 May 2016

267:56 Douglas fir, lodgepole pine,

western larch, subalpine

fir, grand fir,

ponderosa pine

B. Chelan

Complex

48.05108N 120.11208W 915 14 Aug 2015 18 Apr 2016 132:20 Douglas fir, ponderosa pine

C. Tripod

Complex

48.61928N 120.10768W 1830 24 Jul 2006 17 Apr 2016,

24 Apr 2016

242:86 Douglas fir, lodgepole pine,

subalpine fir, some

ponderosa pine

D. Okanogan

Complex

48.43608N 119.85208W 1859 14 Aug 2015 23 Apr 2016 540:81 Douglas fir, ponderosa pine

E. Stevens Pass 47.75678N 121.09708W 1554 — 27 Apr 2016 — Douglas fir, lodgepole pine,

ponderosa pine, western

white pine, western

hemlock

F. Tronsen

Meadow

47.26588N 120.57438W 1676 — (adjacent

to Table

Mountain)

19 Mar 2016 — Douglas fir, lodgepole pine,

subalpine fir, grand fir,

ponderosa pine
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different grain sizes representing medium to well-aged

seasonal snow (300 and 700mm) under clear and cloudy

sky conditions. We assume a snow density of 400kgm23

consistent with measured values of uncompressed

snowpack depth and from snow core samples collected

in the field. RF requires an estimate of clean snow al-

bedo. For each BC scenario, we modeled albedo with

and without BC for the same grain size and then calcu-

lated the difference in absorption, which quantifies the

direct radiative impact due to snow darkening.

The broadband albedo and radiative forcing (Wm22)

was calculated in combination with the spectral distri-

bution of incoming solar radiation, which was modeled

over daylight hours of the pre- and post-wildfire ablation

seasons for both clear and cloudy sky conditions between

0.35 and 2.5mm at 10-nm resolution with the Santa

Barbara DISORT Atmospheric Radiative Transfer

model (SBDART) (Ricchiazzi et al. 1998). The pre- and

post-wildfire ablation seasons were determined from

long-term data at the Grouse Camp SNOTEL station

(section 2e). Using albedo from SNICAR and irradiance

from SBDART irradiance, spectrally weighted albedo

between 0.35 and 2.5mm was calculated by dividing the

product of the summation of irradiance and albedo by

the summation of irradiance:

a5

�
2:5mm

l50:35mm

Ia
lap
Dl

�
2:5mm

l50:35mm

IDl

, (1)

where I is spectral irradiance at the given solar zenith

angle, alap is the modeled albedo with BC at the same

solar zenith angle, and l is the wavelength (mm).

Radiative forcing was calculated by taking the summa-

tion of the product of spectral irradiance and the dif-

ference between the spectrally weighted BC albedo and

clean snow albedo, which represents the enhanced sur-

face absorption due to BC:

RF5 �
2:5mm

l50:35mm

I(Da)Dl, (2)

where Da 5 aclean 2 alap, which is the difference be-

tween clean andBC laden snow albedo at the same hour,

for the same snow grain size and density.We report daily

maximum and daily mean all sky radiative forcing

values, which are the average between clear and cloudy

sky conditions.

e. Analysis of wildfire impacts on snowmelt dynamics

To investigate the impact of the 2012 Table Mountain

fire on the rate and timing of snowmelt, SWE data from

the Grouse Camp SNOTEL station that was severely

burned and promptly rebuilt was compared to SWEdata

from the nearby (15km downwind) unburned Trough

SNOTEL station (Figs. 1 and 2). The close proximity

(approximately 15 km) and similar elevations (Grouse

Camp: 1643m, Trough: 1670m) of the two stations al-

lowed for a unique controlled assessment of the changes

in snowmelt timing and rates in a burned versus un-

burned forest. We compare snowpack metrics including

peak SWE, the first snow disappearance date (FSSD)

occurrence after 1 January (Trujillo and Molotch 2014),

the average daily melt rate $ 2.54mm (the measure-

ment precision of a SNOTEL SWE sensor) occurring

after 1 January, and cumulative daily melt $ 2.54mm

after 1 January for pre-wildfire (1982–2012; n5 30) and

post-wildfire (2013–19; n 5 7) years at the burned

Grouse Camp SNOTEL to that measured at the un-

burned Trough SNOTEL site. In addition, a normalized

melt frequency metric was computed as the number of

days after 1 January with measurable melt ($2.54mm)

divided by the number of days after 1 January with

measurable SWE ($2.54mm). For both SNOTEL sites,

this annual metric was averaged for pre- and post-wildfire

periods. Statistically significant at the 5% level of pre- and

post-wildfire snowpackmetrics at both siteswere assessed

using a two-sample Kolmogorov–Smirnov test.

To isolate the enhanced melt due to BC from

wildfires, we present a simple energy contribution

analysis using output from the radiative transfer

modeling (section 2d). The additional melt due to the

presence of BC in snow was estimated by dividing the

all-sky shortwave radiative forcing by the enthalpy of

fusion of water at 08C (0.3343 106 J kg21) to estimate

melt in kilograms per square meter (note, 1 kgm22 of

water is equivalent to 1mm). This was conducted for

two distinct time periods: pre- and post-wildfire

snowmelt periods defined as the dates over which

25%–75% of the cumulative melt (measured at Grouse

Camp) occurred before (1983–2012) and after (2012–

18) the Table Mountain Fire. This assessment re-

quired the assumption that the snow cold content is

depleted (i.e., snow temperature is 08C), which is a

reasonable assumption for spring snow-cover. We also

calculated the additional melt due to post-wildfire BC

deposition, and assume that the hypothetical site is in

the open and unaffected pre- and post-wildfire by

forest shading.

3. Results

a. Variations in BC deposition with burn age

The amount of BC deposited on the snowpack in the

years following a wildfire decays following a power law
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(Figs. 3a,b). The photos in Fig. 3 show examples of the

observed differences in the amount of charred material

on the snow and remaining on the trees in the first year

(the Okanogan Complex site; Fig. 3e) and 9.8 years (the

Tripod Complex site; Fig. 3f) after a fire. Samples of

differing burn age were compared separately for all burn

severities and high burn severity (Fig. 3) to isolate the ef-

fects of burn severity onBCdeposition (discussed below).

BC concentrations in all burn severities (Fig. 3a) are

an order of magnitude higher in the first winter post-

wildfire (n 5 20; mean 5 1671.1 ng g21; median 5
1131.1 ng g21; s 5 1537.5 ng g21; max 5 4930.3 ng g21)

relative to 9.8 years post-wildfire (n 5 20; mean 5
87.5 ng g21; median 5 67.5 ng g21; s 5 86.7 ng g21;

max 5 282.5 ng g21). Median BC concentration values

(67.5 ng g21) in the Tripod Complex remained above

background (unburned; 10 ng g21) after 9.8 years.

Likewise, BC concentrations in high burn severity

(Fig. 3b) are also an order of magnitude higher in the first

winter post-wildfire (n 5 16; mean 5 2024.9 ngg21;

median 5 1131.1 ng g21; s 5 1525.3 ng g21; max 5
4930.3 ng g21) relative to 9.8 years post-wildfire (n5 10;

mean 5 106.0 ng g21; median 5 70.9 ng g21; s 5
102.7 ng g21; max 5 282.5 ng g21). Median BC con-

centration values (70.9 ng g21) in a high burn severity

area in the Tripod Complex remained above background

(unburned; 10ngg21) after 9.8 years post-wildfire.

Snow core BC data collected from all sites also indi-

cate that BC concentrations decrease with increasing

burn age, consistent with the surface snow BC data. The

snow core BC data are presented as total BC [Eq. (3)],

which represents BC deposition during the entire snow

season independent of snow accumulation, as opposed

to BC concentrations derived from surface samples

which influence albedo and are affected by snow accu-

mulation and melt:

BC
total

5BC
avg

3 r3D , (3)

where BCtotal is the total deposited BC (ng cm22), BCavg

is the BC concentration (ng g21), r is the measured snow

density (g cm23), andD is themeasured snowpack depth

(cm) (Delaney et al. 2015). The snow core data have high

variability, but suggest an order of magnitude decrease in

median BC deposition from 0.7 years post-wildfire (n5 8;

mean 5 3928.9ngcm22; median 5 3139.2ngcm22; s 5
2927.9ngcm22; max 5 11377.6 ng cm22) to 9.8 years

post-wildfire (n 5 5; mean 5 919.0 ng cm22; median 5
596.8ngcm22; s5 631.2ngcm22; max5 2059.7ngcm22).

b. Variations in BC deposition with burn severity

Surficial BC concentrations increased with burn se-

verity by up to two orders of magnitude throughout all

study locations (Fig. 3c). BC concentrations in unburned

areas (n5 13; mean5 12.8 ng g21; median5 11.0 ng g21;

s 5 8.6 ng g21; max 5 34.0 ng g21) were consistent with

the findings of Delaney et al. (2015). BC concentrations

were similar in low burn severity (n 5 30; mean 5
75.7 ng g21; median 5 45.5 ng g21; s 5 117.5 ng g21;

max 5 637.7 ng g21) and moderate burn severity areas

(n5 35; mean5 136.6 ng g21; median5 93.7 ng g21; s5
127.4 ng g21; max 5 525.9 ng g21), while the highest BC

concentrations and range of values were observed in

high burn severity areas (n5 104; mean5 666.0 ng g21;

median 5 208.4 ng g21; s 5 1010.7 ng g21; max 5
4930.3 ng g21).

Surficial BC concentrations were compared to areas

of differing burn severity at the Table Mountain site

alone to control for the effects of burn age on BC de-

position observed with burn age (section 3a). The BC

concentrations at Table Mountain increased with burn

severity by up to two orders of magnitude (Fig. 3d) from

low to high magnitude. BC concentrations in low se-

verity areas (n 5 29; mean 5 78.1 ng g21; median 5
46.9 ng g21; s 5 118.8 ng g21; max 5 637.7 ng g21) are

similar to the data from all study locations, since most of

the low severity sampling was done at Table Mountain.

BC concentrations from moderate severity areas (n 5
21; mean 5 146.1 ng g21; median 5 123.4 ng g21; s 5
141.8 ng g21; max 5 525.9 ng g21) is slightly higher at

TableMountain than the other study locations. The high

severity burn area at Table Mountain (n 5 80; mean 5
448.3 ng g21; median 5 135.0 ng g21; s 5 661.3 ng g21;

max 5 3401.6 ng g21) yielded lower mean and median

BC concentration values when compared to the high

burn severity data from all study locations.

Total BC deposition at all sites measured from snow

core data (section 3a) support the trend observed in the

surface sample data, with median BC deposition in-

creasing by an order of magnitude from low burn se-

verity (n 5 5; mean 5 497.3 ng cm22; median 5
517.7 ng cm22; s5 177.7ng cm22; max5 741.0ng cm22)

to high burn severity (n 5 26; mean 5 1978.9ngcm22;

median 5 1146.4ng cm22; s 5 2106.5ng cm22; max 5
11377.6 ng cm22), with the maximum deposition ob-

served increased two orders of magnitude in high versus

low severity burns.

c. Model results of BC impacts on snow albedo and
radiative forcing

To demonstrate the powerful impact of the range

of sampled BC concentrations, Fig. 4 shows modeled

spectral albedo for clean snow, and for snow containing

BC concentrations of 10, 50, 100, 1000, and 5000ng g21

BC for two effective grain sizes representing medium

and large grain seasonal snow. For the same scenarios,
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FIG. 3. (a) Surface BC concentrations in forests of variable burn age, including the 2006 Tripod Complex fire,

2012 Table Mountain fire (sampled in 2015 and 2016), and the 2015 Chelan and Okanogan Complex fires. The

dotted lines represent power regressions for the 75th, 50th, and 25th percentiles, and the power regression equa-

tions andR2 is displayed in the upper-right corner. (b) As in (a), but only for high burn severity areas. (c) Variations
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broadband albedo and daily mean and maximum (in-

stantaneous value at solar noon) RF on 15 April and

15 May are summarized in Table 2. Even for snow in

unburned areas BC concentrations of 10 ng g21 are

nonnegligible, reducing albedo by ;1%, with daily

maximumRF from 4 to 6Wm22. For high severity burn

areas sampled 0.7 years after a fire, with concentrations

in the 3000–5000ng g21 range, snow albedo could reach

as low as 0.37, with daily mean RF as high as 185Wm22,

and maximum radiative forcing over 300Wm22. For

context, on a clear day in spring irradiance at solar noon

is;900Wm22, 30% of which would be absorbed by BC

in snow for the highest concentration presented here.

Although the impact of post-wildfire BC deposition

declines over time, our results show the impact could last

for over a decade (Fig. 3). For BC concentrations sam-

pled in high severity burn areas nearly a decade after fire

occurrence (;100 ng g21) the mean daily potential RF is

15–20Wm22.

d. Snowpack response to wildfire as measured at a
burned and unburned SNOTEL site

1) FIRST SNOW DISAPPEARANCE DATE

Prior to the Table Mountain fire, the first snow dis-

appearance date (FSDD) measured at the neighboring

Grouse Camp and Trough SNOTEL sites (Fig. 5a) was

significantly correlated (1983–2012; n 5 30 years, r 5
0.86, p , 0.000 01). The high correlation indicates that

the two sites were affected by similar synoptic patterns

and relative climate conditions. This is explained by

the close proximity (;15km) and similar elevations

(;1655m) of the two sites. However, the Grouse Camp

station historically recorded nearly twice the peak SWE

than the Trough station (1983–2012; Table 3), presum-

ably due to the former being in a favorable location

relative to the prevailing storm track and surrounding

terrain. Before the wildfire (1983–2012), FSDD oc-

curred on average 13 6 7 days later at Grouse Camp

than at the Trough site (Fig. 5a; note the solid line

plotting above the dashed line). In the pre-wildfire re-

cord, Grouse Camp never became snow-free before

Trough. After the wildfire (2013–19), an opposite rela-

tionship was observed with FSDD occurring 6 6 6 days

earlier at the burned Grouse Camp site than at the un-

burned Trough site (Fig. 5a; note the solid line plotting

below the dashed line). Figure 5b shows a drastic post-

wildfire shift to earlier FSDD at Grouse Camp relative

to Trough of 19 6 9 days, on average. Our results

suggest that LAP deposition has a dominant and

persistent role in causing earlier snow disappearance

after a wildfire—with the magnitude of the impact

following a power law decrease over the course of

a decade.

2) CUMULATIVE DAILY MELT

An assessment of the cumulative daily melt at the

two SNOTEL sites shows that the timing of snowmelt

changed dramatically post-wildfire at the burned site

with 2.4 times more melt occurring before 1 April

compared to pre-wildfire conditions (i.e., compare

31%–13%; Figs. 5c,d). A clear shift to earlier post-

wildfire melt at the burned site is inferred from the

dashed line plotting above the solid line, particularly

in March through May (Figs. 5c,d). In pre-wildfire

years, only 56% of the total melt had occurred by

1 May with 44% remaining; post-wildfire, 84% had

occurred with only 26% remaining. By comparison,

pre- and post-wildfire cumulative melt patterns were

similar at the unburned Trough site.

3) MELT FREQUENCY AND RATE

Interestingly, the wildfire did not cause melt to occur

more frequently or at higher rates at the burned Grouse

Camp site compared to the unburned Trough site rela-

tive to the pre-wildfire historical conditions at both sites

(Table 3). At the unburned Trough site, melt occurred

28% of the snow-covered days after 1 January, in-

creasingly slightly to 33% in the post-wildfire period. A

similar change was observed at the burned Grouse

Camp site, with melt occurring on 30% of the snow-

covered days after 1 January pre-wildfire and 32% post-

wildfire. Average melt rates at the burned and unburned

siteswere higher in the pre-wildfire period (15.36 12.7 and

in surface BC concentrations with burn severity in post-wildfire forests burned in 2006, 2012, and 2015. Unburned

sites include Stevens Pass and Tronsen Meadow. (d) Variations in surface BC concentrations with burn severity at

Table Mountain from samples collected in 2015 and 2016, following the 2012 Table Mountain fire. For (a)–(d), end

caps show the 90th percentile and lower limit, boxes show the 75th, 50th, and 25th percentiles. The red lines

represent the average background level from the unburned control sites. (e) High burn severity forest in the

Okanogan Complex 0.7 years since the fire. (f) High burn severity forest at Table Mountain 2.65 years since fire.

(g) High burn severity forest in the Tripod Complex 9.8 years since the fire. (h) Low burn severity forest at

TableMountain. The inset photos in (e)–(h) show snowpack conditions at the respective sites. The white and black

circles are Spectralon standards.
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11.5 6 8.7mmday21, respectively) than in the years after

the wildfire (13.7 6 11.1 and 10.1 6 7.7mmday21, re-

spectively). Melt rates were significantly different at the

5% significance level when compared among pre- and

post-wildfire periods and the burned and unburned site.

The burned and unburned sites had reductions in average

melt rates of 22 and 21.4mmday21, respectively,

between the post and pre-wildfire periods (Table 3).

4. Discussion

a. BC depositional variability

We attribute the decrease in BC concentration in

surface samples with increased burn age to the reduction

in charredmaterial remaining on the snags as they decay

and fall. Field observations show an evident change in

the visible snag conditions between the younger and

older burn sites, especially in the dominantAbies species

(grand and subalpine fir) that shed their outer bark in

large segments (Gleason and Nolin 2016). The differ-

ences in snag conditions coincide with the amount of

material shed onto the surrounding snowpack (Fig. 3).

Postmortem snag decay rates reported by Everett et al.

(1999) and Dunn and Bailey (2012) demonstrate that

thin-barked conifers can decay for up to 80 years

following a wildfire, though 50% of trees in a given burn

area will have fallen within 25 years. Substantial snag fall

was observed in the Tripod Complex, while virtually all

FIG. 4. Modeled decrease in spectral snow albedo approximately spanning the range of sampled BC concentrations

(10, 50, 100, 500, 1000, 5000 ng g21) for two effective grain sizes. The uppermost spectral curve represents clean snow.

TABLE 2. Modeled all-sky broadband albedo (0.305–5.00mm) and maximum/daily mean radiative forcing with increasing BC concen-

trations (corresponding to Fig. 4), effective grain size (300 and 700mm), and all-sky irradiance for 15 Apr and 15 May.

15 April 15 May

BC (ng g21) Albedo Max daily RF (Wm22) Mean daily RF (Wm22) Albedo Max daily RF (Wm22) Mean daily RF (Wm22)

300mm

0 0.81 0.78

10 0.80 4.3 2.4 0.77 4.6 2.7

50 0.79 16.0 8.8 0.76 16.9 9.9

100 0.78 26.3 14.5 0.75 27.7 16.2

500 0.72 72.5 40.3 0.69 76.7 44.9

1000 0.67 106.6 59.4 0.65 113.0 66.2

5000 0.51 230.7 129.2 0.50 245.7 144.1

700mm

0 0.76 0.73

10 0.75 6.1 3.5 0.72 6.4 3.9

50 0.73 23.0 13.0 0.70 24.2 14.4

100 0.71 37.6 21.2 0.68 39.6 23.7

500 0.63 101.5 57.4 0.60 107.2 63.9

1000 0.57 146.3 82.8 0.55 154.9 92.3

5000 0.38 292.6 165.9 0.37 311.2 184.9
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trees in the younger burn areas remained standing. BC

deposition likely continues beyond the maximum age

sampled, but with decreased rates of deposition. We

acknowledge that comparisons of BC concentrations at

sites of varying burn age did not control for differences

in forest composition. Additional characterization of the

forest composition and density would help to more ac-

curately define the relationship between BC deposition

and burn age.

The increase in BC concentration with burn severity

suggests that higher severity burns potentially have

greater impact on snow albedo than lower severity

burns. Changes to the natural forest ecology in the

eastern Cascades through resourcemanagement and fire

suppression have led to denser forests and an increased

assemblage of fire-susceptible conifer species in low- to

midelevation forests (Arno 1980; Smith and Fischer

1997; Wright and Agee 2004). These changes, coupled

with climate-induced tree stress and mortality, can

lead to an increased fuel load, which may result in

higher severity fires (Everett et al. 1999; Westerling

et al. 2006; Allen et al. 2010). Burn severity is defined

as the degree of alteration or disruption, which in turn

is measured through effects on the dominant vege-

tation (Smith and Fischer 1997). While it is known

that higher severity fires reduce the canopy to a

greater degree, the results of this study suggest that

BC production and deposition on the snowpack in-

creases with burn severity. The wide range of BC

concentrations observed in areas of differing burn

severity is attributed to the heterogeneous deposition

of BC as well as the variable pre-wildfire forest con-

ditions such as tree density, species assemblage, and

tree health that would require further study. This

FIG. 5. Variations in FSDD, cumulative daily melt, and daily melt rates for Trough and Grouse Camp SNOTEL sites. (a) Snow FSDD

for the Trough and Grouse Camp SNOTEL stations. (b) Grouse Camp FSDD minus Trough FSDD. The shaded gray box in (a) and

(b) highlights the post-wildfire period. (c) Cumulative dailymelt from January to snowFSDDnormalized by totalmelt for pre-wildfire and

post-wildfire years. (d)As in (c), but for the unburnedTrough SNOTEL sites. (e) Boxplots showing themeasuredmelt rates pre- and post-

wildfire after 1 Jan at (upper boxes)Grouse Camp (burned) pre- and post-wildfire compared to that measured at the (lower boxes) control

(unburned) Trough site.

TABLE 3. Grouse Camp SNOTEL observed peak SWE, water year (day 15 1 Oct) day of peak SWE, FSDD, normalized melt frequency,

and average daily melt rates (mmday21) $ 2.54mm occurring after 1 Jan for pre- and post-wildfire water years.

Time period

Peak

SWE (mm)

Water yearday of

peak SWE

Water year

snowpack FSDD

Normalized melt

frequency

Average melt rate$ 2.54mm

after 1 Jan (mmday21)

Grouse Camp (burned site)

Pre-wildfire (1983–2012) 535 181 230 0.30 15.35

Post-wildfire (2013–19) 452 170 212 0.32 13.75

Difference (post-wildfire

minus pre-wildfire)

283 211 218 10.02 22

Trough (unburned site)

Pre-wildfire (1983–2012) 293 168 217 0.28 11.5

Post-wildfire (2013–19) 316 176 218 0.33 10.1

Difference (post-wildfire

minus pre-wildfire)

123 18 11 10.05 21.4
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highlights the importance of an extensive sampling

campaign needed to quantify spatial variability.

b. Impact of BC on snow albedo and radiative forcing

The snow albedo and radiative forcing model results

(section 3c, Table 2, Fig. 4) demonstrate that the impact

fromBC on both albedo and radiative forcing is not only

dependent on BC concentrations, but also on the grain

size, with a higher RF efficacy as grains get larger over

time, and irradiance, with higher RF as solar irradiance

increases through the spring. These are all important

factors that contribute to the melt efficacy of BC. The

additional energy from BC at the snow surface ac-

celerates the rate of snow grain growth, lowering

snow albedo over the full range of snow reflectance

and providing more energy for melt. As melt prog-

resses, previously deposited BC concentrates at the

snow surface, a process known as melt amplification

(Doherty et al. 2014). This feedback loop not only

compounds albedo decay but also coincides with in-

creasing sun angles and longer days in the spring.

Our simple treatment of BC in snow likely underes-

timates the total radiative impact for several reasons. It

only accounts for the direct impact of snow darkening,

and not the indirect impact of accelerated snow grain

growth. It also only accounts for BC and not other LAP

like dust or brown carbon, which are also present in the

snow. Furthermore, we do not distinguish among BC

source material, so the optical properties remain con-

stant across scenarios, which may not be the case for BC

particles adhering to larger burned woody debris. Last,

this approach treats irradiance for clear or cloudy sky

conditions, but does not account for forest shading or

changes in the canopy, important controls on surface

solar irradiance.

c. Post-wildfire snowmelt dynamics

1) EARLIER SNOW DISAPPEARANCE AND

CHANGES IN MELT FREQUENCY AND RATE

Our analysis of post-wildfire snowmelt dynamics was

facilitated by the relative comparison of pre versus post-

wildfire metrics at the proximal burned Grouse Camp

and unburned Trough SNOTEL sites, which allowed us

to control for interannual variability between the sites.

In the 30-yr pre-wildfire record, Grouse Camp never

became snow-free before Trough. Post-wildfire, snow

disappeared 19 6 9 days earlier at the burned Grouse

Camp than the unburned Trough site. This is a larger

effect than reported by Gleason et al. (2019) based on

satellite imagery of 850 fires in the western United

States, which showed snow disappeared 5 days earlier on

average, but within the 23 days earlier snowmelt

reported by Gleason et al. (2013) based on measure-

ments of snowpack surface debris and SWE in burned

and unburned forests in the Oregon Cascades.

Using the controlled SNOTEL site assessment, we

show that the shift to earlier post-wildfire snow disap-

pearance was coincident with a shift to earlier snowmelt

at the burned Grouse Camp site but not the unburned

Trough site (i.e., compare Fig. 5c to 5d). At Grouse

Camp, 2.4 times more melt occurred before 1 April

and nearly half as much snowmelt persisted into May,

compared to pre-wildfire conditions. However, the

earlier, post-wildfire snowmelt at the burned site did

not occur more frequently or at higher rates, on av-

erage, compared to the pre-wildfire period. In fact,

snowmelt rates were on average slightly lower post-

wildfire at both the control and burned sites (Table 3).

A possible explanation is that snowmelt began 20–

30 days earlier post-wildfire due to higher concen-

trations of LAP on the snow surface. Earlier melt

onset and snow disappearance post-wildfire shifted

the snowmelt period to a time of lower energy avail-

able to melt the snow (Musselman et al. 2017). Lower

surface albedo values due to higher LAP concentra-

tions may have offset this potential reduction in in-

coming solar radiation.

2) MODELED CONTRIBUTION OF BC TO

MELT RATES

We used the SNICAR radiative transfer model to

better understand how radiative forcing by BC would

have acceleratedmelt before and after the fire (Table 4).

Simulations were conducted for two distinct time pe-

riods corresponding to snowmelt periods defined as

the dates over which 25%–75% of the cumulative

melt (measured at Grouse Camp) occurred. Pre-

wildfire (1983–2012), this time period is 14 April–

12 May, while post-wildfire it is;18 days earlier from

27 March to 26 April. We assume that snow has a

background BC concentration of 10 ng g21 (Fig. 3;

Delaney et al. 2015), which itself would have con-

tributed 0.46 0.1mmday21 (with the60.1-mm range

due to range in modeled grain size) of melt during

spring pre-wildfire. We also calculate the additional

melt due to BC post-wildfire, and assume that the

hypothetical site is in the open and unaffected pre-

and post-wildfire by forest shading. For the highest

BC concentration sampled (5000 ng g21) at 0.7 years

post-wildfire in a high severity burn area, the mod-

eled post-wildfire daily melt contribution is an ex-

treme 19.1 6 2.4mmday21. For 1000, 500, and the

median 300 ng g21 BC concentrations, the modeled

daily melt contribution is 9.20 6 1.51, 6.32 6 1.11,

and 3.71 6 0.57mmday21, respectively (Table 4).
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The additional simulated post-wildfire melt, relative

to the pre-wildfire period, ranges from;3 to 19mmday21

for the median to maximum sampled BC concentrations.

These values are intended to show 1) the potential

magnitude of impact due to sampled BC concentrations,

and 2) that the BC RF impact is slightly lower when

snowmelt shifts to earlier in the season. The pre- and

post-wildfire snowmelt observations imply that wildfire

may not ubiquitously accelerate runoff production

across the fire-prone and snow-dominated western

United States. However, we caution that a direct

comparison of modeled to observed pre- and post-

wildfire melt rates (Table 3) is complicated by other

energy balance factors that are implicitly included in

the observations but not in the radiative transfer

model, particularly the removal of forest canopy.

d. Additional considerations and future research

Forest canopy removal is likely to have longer-term

impacts on post-wildfire snowmelt dynamics than LAP

deposition. This study shows that post wildfire BC de-

position in high severity wildfire areas persists for at

least ;10 years, and Gleason et al. (2019) documents a

similar effect lasting 15 years. In contrast, the effects of

canopy removal from a stand-replacing fire can last

several decades as new growth reaches full maturity

(Smith and Fischer 1997). Beneath a continuous forest

canopy, melt energy is primarily in the form of net

longwave radiation (Lundquist et al. 2013). Decreasing

forest cover reduces downward longwave irradiance

contributed by the canopy and increases the short-

wave radiation reaching the snow surface. At a certain

forest cover threshold—determined by site conditions

including snow albedo, seasonality, and climate—net

solar radiation becomes the dominant source of melt

energy (Lawler and Link 2011). Canopy removal by

wildfire abruptly causes this radiative switch, de-

creasing the longwave contributed by surrounding

trees (Musselman and Pomeroy 2017) and increas-

ing shortwave radiation at the snow surface. Post-

wildfire deposition of LAP further enhances the net

shortwave radiation by decreasing the snow surface

albedo. Additionally, canopy removal by wildfire would

increase surface wind speed and turbulent energy

transfer to the snow surface.

Further research would be needed to reconcile the

spatial variability in BC/LAP deposition and heterogene-

ity in both burn severity and canopy removal with radiative

forcing and accelerated snowmelt. Small forest gaps, where

SNOTEL sites are commonly situated (Fig. 2), have

complex radiative energy balances compared to open or

continuously forested sites and may respond to canopy

removal differently than a continuously forested site

(Musselman et al. 2012, 2015). Thus, more work across a

continuum of forest density and structure, as well as in-

corporation of pre- and postfire forest shading into the

radiative transfer model is needed to understand the

impact of wildfire on snowmelt rates and runoff produc-

tion as it relates to flood risk and seasonal streamflow.

This study also looks at the effects of wildfire age and

burn severity on BC deposition separately. There is still

uncertainty about the interactions of these two param-

eters on BC deposition, such as the controls of burn

severity on BC deposition over time. There is also the

opportunity for further work on the effects of wildfire

age and burn severity on BC spatial distribution and the

production, occurrence, and transport of other LAP.

5. Conclusions

Wildfires in the eastern Cascade Range contribute to

snowmelt through post-wildfire deposition of BC and

other LAP that increase absorption of solar radiation,

and removal of the forest canopy, which increases in-

coming solar radiation to the surface. Our research

shows that burned trees in post-wildfire forests may

provide a source of BC and other LAP for years

following a wildfire, with BC concentrations decreasing

by an order of magnitude over a decade. Furthermore,

BC concentrations are two orders of magnitude higher

in high burn severity forests relative to low burn severity

forests.

TABLE 4. Modeled snowmelt rates due to radiative forcing, for the range of sampled BC concentrations, with (6) due to the range of

modeled grain sizes. Note that we assume that the pre-wildfire BC concentration was 10 ng g21 (indicated with *), but show accelerated

melt for this time frame for comparison purposes. Additional melt is calculated for higher BC concentration in the post-wildfire period,

relative to the background BC concentration in the pre-wildfire period (0.4 6 0.1mmday21).

Black carbon

concentration (ng g21)

Pre-wildfire (14 Apr–12 May) RF

melt equivalent (mmday21)

Post-wildfire (27 Mar–26 Apr)

RF melt equivalent (mmday21)

Additional post-wildfire melt due

to BC RF (mmday21)

10 *0.4 6 0.1 0.4 6 0.1 —

300 4.2 6 0.8 3.7 6 0.6 3.3

500 7.0 6 1.2 6.3 6 1.1 5.9

1000 10.3 6 1.7 9.2 6 1.5 8.8

5000 21.3 6 2.6 19.1 6 2.4 18.7
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A comparison of the burned Grouse Camp and un-

burned Trough SNOTEL sites indicates that complete

snowmelt occurred on average 196 9 days earlier in the

post-wildfire period (2013–19) at Grouse Camp relative

to the pre-wildfire period (1983–2012). Melt occurred

earlier post-wildfire at the burned site, with 84% of

snowmelt occurring before 1 May in the post-wildfire

forest compared to 56% in the pre-wildfire forest.

Understanding the connection between wildfires and

snowmelt has implications for water resources and un-

derstanding climate change feedbacks. In Washington

State, warming temperatures have led to an observed

decrease in the extent and duration of the seasonal

snowpack (Mote et al. 2018). There has also been an

observed increase in wildfire frequency, magnitude, se-

verity, and duration in the western United States since

the 1980s (Westerling et al. 2006). Current climate change

models indicate that the snowpack in the Cascades will

decrease (Elsner et al. 2010; Miles et al. 2010), while the

area burned by wildfires and the duration of the fire

season are expected to increase (Littell et al. 2010;

Flannigan et al. 2013). Predicting the impact of these

changes requires a better understanding of the connec-

tion between wildfire activity and snowmelt. The results

of this study show the wildfire impacts of LAP deposition

can persist for at least a decade post-wildfire, and may

alter snow dynamics and runoff patterns in the fire-prone

and snow-dominated western United States. The ad-

vanced snowmelt timing of 19 6 9 days is in agreement

with similar studies such as Gleason et al. (2013), and the

effect of LAP deposition lasting beyond 10 years is

comparable to Gleason et al. (2019). Studies such as this

provides important information for improved water re-

source and land management and may inform strategies

for meeting ecological and societal water demands. Our

research may also help to improve our understanding of

snowmelt processes, which currently contain large un-

certainties in the energy balance components and often

do not account for the role of BC and other LAP (Skiles

et al. 2018).
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