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Abstract

In the Southwest United States, water resources depend heavily on snowpacks,

which are temporally and spatially limited in this warm, semiarid region. Snow accu-

mulation and ablation in the Southwest are heavily influenced by forest structure.

Therefore, water resource managers urgently need to understand the future impacts

of unprecedented forest changes now occurring from drought, insect infestation, and

forest management. Here, we present state-of-the-art maps and time series of snow

water equivalent (SWE), which account for spatial variability of snow depth and snow

density over a large range of forest structure and topographies in the highlands of

central Arizona. We show that the degree of forest cover and its geometry largely

determine which areas have more/less snow accumulation and faster/slower abla-

tion. Compared with under-canopy areas, open areas can have 20–30% more accu-

mulation and ablation rates can vary by 15–30% in sunny areas versus shaded areas.

Although SWE response to forest cover is widely variable, depending on how much

shading the trees provide versus how much snow is intercepted and lost through

canopy sublimation, dense forests generally have less SWE than sparser forests. In

general, SWE is optimized at intermediate levels of forest cover (~30–50%) on flat

and north-facing slopes. Somewhat counterintuitively, increasing forest cover gener-

ally causes a reduction of SWE on south-facing slopes, where trees are less effective

at reducing radiative forcing at the snow surface due to less efficient shading and

increased enhancement of longwave radiation from the warm canopy.
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1 | INTRODUCTION

Globally, snowpack serves as a water resource for billions of people,

including more than 60 million people in western North America

(Bales et al., 2006; Barnett, Adam, & Lettenmaier, 2005; Viviroli, Dürr,

Messerli, Meybeck, & Weingartner, 2007). In warm, semiarid regions

such as the southwestern United States, renewable water resources

depend heavily on snowpacks in high-elevation forested mountains

with very limited spatial extent (Ffolliott & Gottfried, 2010; Svoma,

2017). In the Southwest United States, even though ~50% of annual

precipitation falls as summer rains during the North American mon-

soon season (Douglas, Maddox, Howard, & Reyes, 1993; Gutzler,

2000), most surface water runoff occurs during the winter and spring

when evaporative demand is lower (Li, Wrzesien, Durand, Adam, &

Lettenmaier, 2017; Pagán et al., 2016). In addition to their small areal

extent, southwestern snowpacks are shallower, contain less water,

and tend to be more temporally variable than snowpacks of wetter

and/or cooler regions further north (e.g., the Rocky Mountains and

Sierra Nevada Range). Consequently, even small changes to the

amount and hydrologic partitioning of snowmelt can have relatively
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large consequences for water originating from high-elevation forests

(Ffolliott, Baker, & Gottfried, 2000). This critical water resource is

under increasing pressure from a combination of population growth,

observed increases in temperature, and decreases in snowfall

(Knowles, 2015; Mote, Li, Lettenmaier, Xiao, & Engel, 2018; Scalzitti,

Strong, & Kochanski, 2016; Stewart, 2009).

Most snowpacks in the Southwest United States occur in mid-

to high-elevation forested regions, where canopy provides critical

shelter from the region's intense sun and wind. At the highest eleva-

tions with persistent seasonal snowpack that does not melt during

the winter, spatial patterns in peak snow water equivalent (SWE)

reflect the incident precipitation minus the sublimation loss occurring

from canopy and the ground surface, both of which are strongly con-

trolled by forest canopy (López-Moreno & Stähli, 2008; Molotch

et al., 2009; Reba, Link, Marks, & Pomeroy, 2009). A body of work

from a high-elevation (~3,000 m) forest of northern New Mexico

shows that (a) shading from solar radiation by terrain and/or forest

vegetation is critical for protecting snowpack from sublimation loss

(Gustafson, Brooks, Molotch, & Veatch, 2010; Musselman, Molotch, &

Brooks, 2008; Rinehart, Vivoni, & Brooks, 2008; Veatch, Brooks,

Gustafson, & Molotch, 2009) and (b) peak SWE can be maximized at

intermediate forest density as compared with high-density forest

with large canopy sublimation and low-density forest with high gro-

und sublimation in the absence of shelter from sun and wind (Veatch

et al., 2009). Accordingly, trade-offs between interception and shad-

ing mean that removal of forest canopy by logging, wildfire, or insect

infestation may result in equal or greater sublimation losses and

equal or reduced peak SWE, potentially reducing snowmelt runoff

for water resources (Biederman et al., 2014; Biederman et al., 2014;

Biederman et al., 2015; Harpold et al., 2014). Because most of this

work was conducted in relatively level terrain at a single site with

persistent seasonal snowpack, we lack understanding about how veg-

etation interacts with climate and topography to regulate the thin,

variable, and often ephemeral snowpacks across the Southwest,

especially at lower elevations, which are more prone to midwinter

snowmelt.

Recently, there has been increased interest in understanding the

impact that forest disturbance (which usually results in a reduction of

forest cover) has on snowpack in the region, not only because of

recent unprecedented forest disturbance due to drought, insects, and

wildfire (Biederman, Harpold, et al., 2014; Harpold et al., 2014; Kurz

et al., 2008; Pugh & Small, 2012; Winkler, Boon, Zimonick, & Baleshta,

2010), but also because of the use of forest thinning as a tool to mini-

mize risk of catastrophic wildfire and to promote watershed health

(Covington, 2003). It is critically important to know whether forest

disturbance is increasing or decreasing snow water resources.

However, there are conflicting results about whether removal of for-

est cover results in more or less SWE, with some studies finding

increases (Burles & Boon, 2011; Ffolliott, Gottfried, & Baker, 1989;

Gleason, Nolin, & Roth, 2013; Winkler et al., 2010) and others finding

decreases (Biederman et al., 2015; Biederman, Brooks, et al., 2014;

Harpold et al., 2014). Adding to this uncertainty, especially pertaining

to forest thinning, is the fact that most of these studies are about

snowpack response to natural forms of forest disturbance

(e.g., insect-caused disturbance, forest fire).

In general, the impact of forest disturbance varies under different

topographic conditions because of how terrain and trees protect the

snowpack from incoming solar radiation (Rinehart et al., 2008;

Figure 1a,b). As an example, Figure 1c shows that for a high-elevation

site in Arizona (AZ) in late winter, deep snowpack remains on north-

facing slopes because of terrain shading, whereas on adjacent south-

facing slopes, shallow snow only persists in some areas that are

shaded by trees. This example demonstrates that shading is especially

important for the retention of snowpacks in the Southwest. Snowpack

in forested environments also affects interception of falling snow,

which often sublimates due to exposure to sun and wind (Essery,

Pomeroy, Parviainen, & Storck, 2003; Mahat & Tarboton, 2014;

Pomeroy, Parviainen, Hedstrom, & Gray, 1998), longwave radiation

(Sicart, Pomeroy, Essery, & Bewley, 2006), wind, and energy exchange

between the snow surface and atmosphere (Molotch et al., 2009;

Winstral & Marks, 2002). The interaction of these processes makes it

difficult to predict how specific forest cover changes affect snowpack

under different topographic and climatic conditions in the Southwest.

This study investigates whether forest cover increases or

decreases snowpack in the economically vital Salt–Verde basin in AZ,

using data collected at mid- and high-elevation field sites that have

variable forest density due to historical development, fire suppression,

wildfire, and forest thinning. We utilize state-of-the-art maps and time

series of SWE, which account for substantial variability of both snow

depth and snow densities over a large range of forest structure and

topographic conditions, to address the following research questions:

1. How does forest cover and its geometry (e.g., north vs. south sides

of forest gaps) affect rates of snow accumulation and ablation of

snowpack at different elevations in the Southwest?

2. Under what topographic conditions does forest cover increase or

decrease southwestern snowpacks, and consequently, how might

changes in forest cover impact these snowpacks?

To answer these questions, we first analyse how snow accumula-

tion and ablation are influenced by forest cover using continuous

SWE time series along transects at different elevations and that span

Key Points

• In Southwest U.S. mountains, sparser forests accumulate

more snowfall, but forest cover impacts on snow ablation

vary with slope and aspect.

• SWE is maximized for 30–50% forest cover on neutral

and north-facing slopes.

• More surprisingly though, SWE is reduced by increasing

forest cover on south-facing slopes.
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gradients of exposure to sun and wind. We then compare state-of-the

art maps of observed SWE with model-generated maps of SWE for

forest-free conditions to analyse how forest cover impacts SWE

under different topographic conditions. These analyses improve our

understanding of how forest cover regulates the amount and timing

of snowmelt in the Southwest United States and provide information

to forest management to explore opportunities to conserve and

enhance snowmelt as a water resource in the Southwest.

2 | MATERIALS AND METHODS

2.1 | Study area

This study is based on field data collected in the forested highlands of

central AZ in the Salt–Verde basin, which provides water supply for

drinking water, irrigation, and hydropower to millions of people in

central AZ (Figure 2). Field data were collected in two seasonally

snow-covered ~100 km2 boxes at the headwaters of the basin, rep-

resenting (a) mid-elevation ponderosa pine (Pinus ponderosa) forests

typical of the highlands that occur along the Mogollon Rim (a 500 m

high escarpment that stretches along much of the northern boundary

of the Salt–Verde basin) and (b) high-elevation mixed conifer forest

typical of the White Mountains, at the headwaters of the Salt River.

The first (“Verde”) box, located ~20 km north of Payson, AZ, in the

Verde River watershed, is relatively densely forested and has a fairly

warm and wet climate due to its elevation (~2,100–2,400 m a.s.l.) and

proximity to the Mogollon Rim, which causes significant orographic

enhancement of precipitation (Bruintjes, Clark, & Hall, 1994; Rivera,

Dominguez, & Castro, 2014). The second (“Salt”) box, located ~50 km

east of Show Low, AZ, in the Salt River watershed, has higher eleva-

tions (~2,400–2,950 m a.s.l.), generally less forest cover (due to the

presence of montane meadows as well as a significant amount of bur-

ned area from a 2011 wildfire; Kennedy & Johnson, 2014), and has a

colder and drier climate than the Verde box (Broxton, van Leeuwen, &

Biederman, 2019).

Each of these boxes has multiple airborne lidar surveys in 2017

and 2019, and there are three field sites that include intensive gro-

und surveys and daily monitoring of snowpack using a network of

repeat photography cameras recording daily time series of snow

depth (referred to here as “snowtography” [snow photography]; see

Section 2.2). Two of these sites are located in the Verde box. One

site, near the drier northern end of the box, the “forest thinning

comparison site,” is located along the transition between recently

thinned and unthinned ponderosa pine (P. ponderosa) forest patches

near Clints Well, AZ. Due to its relative dryness, it has an ephemeral

snowpack. Another field site near the southern end of the Verde

box, the “mid-elevation site,” receives more precipitation due to its

F IGURE 1 (a and b) Schematic showing Rinehart, A. J., Vivoni, E. R., & Brooks, P. D. (2008) hypothesis that forest disturbance would have
different effects on north and south aspects because of differences in the relative importance of reduction of canopy cover (dashed ovals) versus
shading. (c) Aerial imagery and topographic contours from one of our research sites showing that patchy snow cover tends to persist in areas
that are shaded (north-facing aspects with or without forest cover, as well as in some tree-shaded areas on south-facing aspects). Contour
interval in (c) is 2 m. SWE, snow water equivalent
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proximity to the Mogollon Rim (it is the wettest of all of our field

sites; Table 1) and has dense forest, mostly ponderosa pine trees,

but also some Douglas fir (Pseudotsuga menziesii) and Gambel oak

(Quercus gambelii). Despite its wetness, it has a warm climate, and

so the snowpack, although not as ephemeral as at the forest thin-

ning comparison site, is still prone to significant midwinter ablation.

The high-elevation site, located on the northern end of the Salt box,

is the coldest of the three sites (Table 1). It contains significant bur-

ned area as well as large montane meadows, though there are still

large patches of live vegetation, mostly ponderosa pine

(P. ponderosa), Douglas fir (P. menziesii), white fir (Abies concolor),

southwestern white pine (Pinus strobiformisand), and aspen (Populus

tremuloides). Due to the cold temperatures, snowpack is usually per-

sistent from December to March at the high-elevation site. In terms

of vegetation structure, both the unthinned portion of the thinning

comparison site and the mid-elevation site have dense forests with

smaller gaps, whereas the thinned portion of the thinning

comparison site and the high-elevation site has sparser forests with

larger gaps (Table 1).

2.2 | Field data

This study makes use of new state-of-the-art high-resolution (1 m)

and large spatial extent (~100 km) maps of SWE and snow depth for

the Salt and Verde boxes (Broxton et al., 2019) that capture a large

range of forest structures, elevations, and aspects. In addition, it uses

time series of SWE and snow depth along transects at each of the

field sites, which capture the temporal evolution of snowpack across

gradients of exposure to wind and sun. The SWE and snow depth

maps are based on relatively high point density (~10–15 points/m2)

lidar data, which were bias corrected with thousands of precisely geo-

located manual snow depth measurements and combined with snow

density maps generated using hundreds of field-measured snow

F IGURE 2 Top row: maps showing the locations of the study sites and lidar boxes used for this study. Bottom row: aerial imagery of the
high-elevation, mid-elevation, and forest thinning comparison sites, showing the locations of the snowtography transects. Each snowtography
measurement stake is colour coded according to whether it is located in an area that is under-canopy, cool transition (nearby canopy within ~5 m
with low radiative forcing), warm transition (nearby canopy within ~5 m with high radiative forcing), and open (no canopy within ~5 m)
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density samples and artificial neural network (ANN) machine learning

(Broxton et al. 2019). The field measurements were collected by more

than 25 employees and volunteers from five public and private part-

ner entities (see Acknowledgements). These SWE and snow depth

maps span a large range of forest structures and topographic condi-

tions for each area on three dates, before peak SWE in 2017

(February 1, 2017), near peak SWE in 2017 (March 7, 2017), and near

peak SWE in 2019 (March 4, 2019). Broxton, van Leeuwen, &

Biederman (2019) describe the creation of these maps using the 2017

lidar and field data for the Salt and Verde boxes. The same methodol-

ogies are applied to the 2019 data. Using these SWE data is advanta-

geous over using snow depth data alone because they account for a

large range of observed snow densities (which can show as much as

75% spatial variation over these domains). Table S1 shows general

SWE and vegetation characteristics for the Salt and Verde boxes for

the three survey dates.

At each field site, we also collected snowtography measurements

to construct daily snow depth time series for ~25 locations at each of

the three field sites (bottom panels of Figure 2). For the mid- and

high-elevation field sites, which were installed in fall 2016 (and have

3 years of data at the time of writing [2017–2019]), these measure-

ments occur along transects in cardinal directions across canopy gaps

extending into the forest and capture varying amounts of canopy

interception and exposure to sun and wind. These transects provide

examples of how forest cover and its geometry, whether natural or a

result of management, impact snow accumulation and ablation. For

the forest thinning comparison site, which was installed in fall 2018

(and has 1 year of data at the time of writing [2019]), these measure-

ments are made along a transect that crosses the boundary between a

forested plot that was mechanically thinned in the year prior to our

measurements and a forested plot with no known disturbance for at

least 120 years, which now includes a mixture of tall (~30–40 m) old-

growth ponderosa pine trees, along with thickets of shorter (~15–20

m) small-diameter ponderosa pine trees. This latter site gives a direct

comparison between recently thinned and unthinned areas. For this

study, individual snowtography stakes are grouped into categories of

under-canopy, cool transition (nearby tree branch or canopy within ~5

m with low radiative forcing, e.g., on the north side of trees), warm

transition (nearby tree branch or canopy within ~5 m with high radia-

tive forcing, e.g., on the south side of trees), and open (no tree branch

or canopy within ~5 m). Five metres is chosen as the distance thresh-

old to create roughly comparable sized groupings at each site.

In addition to the automatic photography, the snowtography sites

are visited every 2–3 weeks and snow density samples are taken man-

ually using a federal sampler at every other stake. Snow densities are

estimated at the remaining stakes by linear interpolation. These snow

density values are then used to convert the snow depth measure-

ments to SWE. To do the temporal interpolation, measured or mod-

elled daily snow density estimates are used to generate a baseline

snow density curve for each field site. For the mid- and high-elevation

field sites, these snow density estimates come from the Baker Butte

and Maverick Fork SNOTELs, which are within tens of metres of the

snowtography stakes at each site. For the forest thinning comparisonT
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site, there is no SNOTEL station located near the site, so the baseline

snow density curve is estimated from a gridded snow product

(Broxton, Zeng, & Dawson, 2019) which is generated using a physi-

cally based snow density model (Dawson, Broxton, & Zeng, 2017). For

each stake on each date that snow density is sampled, an adjustment

factor is computed by dividing the field snow density measurements

by the baseline snow density value. These adjustment factors, which

are unique for each stake, are linearly interpolated through time

between the measurement times and multiplied by the baseline snow

density curve to come up with a unique snow density curve for each

measurement stake, as depicted in Figure 3. Note that despite the

close proximity to each other, measured snow density varies substan-

tially across the snowtography networks, highlighting the value of

having distributed measurements of snow density rather than relying

on a single measurement of snow density from a SNOTEL station.

2.3 | Normalization of SWE maps to isolate forest
cover impacts

The SWE maps, based on the lidar snow depth data and field snow

density measurements (Section 2.2), are rich data sets for assessing

the spatial variability of snowpack, but it is difficult to isolate the snow

variability that is caused by forest cover, because so much of the

snow variability is related to topography. For these study sites, eleva-

tion and northness (sin [slope] × sin [aspect]) are the leading physio-

graphic indicators of SWE (Broxton, van Leeuwen, & Biederman,

2019). Vegetation influences, which are very important drivers of

SWE variability at the local scale (ones to hundreds of metres), are

second order to these terrain influences at larger scales (ones to tens

of kilometres; Broxton et al., 2019) making it hard to isolate them

across the lidar domains.

One strategy for isolating this variability is to compare the

observation-based SWE maps with SWE maps generated using “no-

forest” SWE modelling, or estimates of what snowpack would look

like if controlled only by weather and terrain, in the absence of trees.

In this study, we generate these no-forest SWE estimates using ANN

modelling (using the Artificial Neural Network Toolbox® in

MATLAB®), using bare-earth digital terrain model (DTM) and bare-

earth solar forcing index (SFI; generated from the bare-earth DTM

assuming no tree cover) values as inputs and trained with values from

the observation-based SWE maps in areas where there are no trees.

The DTMs are generated directly from the lidar point clouds, and the

SFI maps are created with the SnowPALM energy balance snow

model (Broxton et al., 2015), integrating from the date of first snowfall

to the date of each lidar flight at each site. The ANNs are trained with

10,000 pixels for each lidar coverage, and each SWE map is based on

the average of 10 optimized ANN models applied to the DTM and SFI

maps. There is high consistency between the ANN models, because

so many pixels were used to train the ANNs, and therefore, few opti-

mized runs are needed to produce a robust ensemble. The ANNs use

a relatively simple network structure (one hidden layer with 10 neu-

rons) and Levenberg–Marquardt backpropagation (Marquardt, 1963)

for model fitting. All maps have a spatial resolution of 1 m.

In order to quantify how vegetation impacts snowpack, the dif-

ferences between the observation-based SWE and no-forest SWE

maps are related to physiographic indicators that reflect the pres-

ence of vegetation such as percent forest cover, canopy height,

bare-earth SFI, and subcanopy SFI (which captures the effect of tree

height and density interacting with terrain and sun angles to shade

the ground). Here, we primarily focus on percent forest cover

(the horizontal percentage of the land surface covered by tree bra-

nches or canopy) and a shading factor that quantifies the additional

shading provided by forest cover that would not otherwise occur if

the trees were absent (which is defined as 1-SFIsub/SFIbare, where

SFIsub is the subcanopy SFI and SFIbare is the bare-earth SFI). These

metrics, which are based on the lidar data, relate directly to the two

physical mechanisms most likely to have the largest impact on

snowpack: percent forest cover relates to interception of snowfall,

and shading factor captures the shading of the snow surface from

the sun. For shading factor, maps of SFIsub were calculated for these

sites by Broxton et al. (2019) using the SnowPALM model

(using lidar-based maps of canopy density, canopy height, and bare-

earth elevation as inputs), and here, maps of SFIbare were calculated

the same way, assuming no tree cover. Although maps of percent

forest cover give a two-dimensional representation of the trees on

the landscape, maps of shading factor depend on the three-

dimensional characteristics of the forest (vegetation density and tree

height) to produce shadows.

These comparisons are made for the areas surrounding each field

site (within 50 m of each site's elevation within each box) by first

aggregating the data to 10 m pixel size. This scale was chosen not only

to analyse these data at the stand scale, but also to preserve an ade-

quate number of pixels to make meaningful comparisons between the

canopy-caused snow variability and canopy-related physiographic fac-

tors (percent forest cover and shading factor) in different areas

(e.g., on different aspects).

F IGURE 3 Schematic depicting how snow density curves are
constructed for the snowtography data set to convert snow depth
measurements to snow water equivalent. The black line represents
the baseline snow density curve (e.g., from a SNOTEL). The coloured
dots and lines represent individual snowtography locations, capturing
both temporal and spatial variations of snow density across the
snowtography network
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3 | RESULTS

3.1 | Overview of 2017–2019 SWE data

Overall, SWE was above normal for water years (WYs) 2017 and

2019, when the lidar snow surveys occurred, whereas WY 2018 was

very dry (2018 had snowtography data for the mid- and high-

elevation sites but no lidar snow survey because there was limited

snow). At the mid-elevation site, peak SWE for the 3 years (measured

at the Baker Butte SNOTEL) was 16.3, 5.3, and 18.2 cm, compared

with a 1981–2010 median of 13.5 cm. At the high-elevation site, peak

SWE (measured at the Maverick Fork SNOTEL) for the 3 years was

30.5, 5.3, and 32.3 cm, compared with a 1981–2010 median of

23.4 cm. Overall, the evolution of SWE was broadly similar at these

sites for WY 2017 and WY 2019, though in WY 2019, the SWE time

series were shifted about a month later because the large snowstorms

occurred later (Figure S1; WY 2017 had two large storms in mid-

January and mid-February, and WY 2019 had two large storms in

mid-February and mid-March). For the mid-elevation and forest thin-

ning comparison sites in particular, these large storms dominated the

accumulation portion of the SWE time series and were essential for

the creation of deep snowpacks (Figure S1).

The observation-based SWE maps produced for the three survey

dates (in February 2017, March 2017, and March 2019) are quite dif-

ferent from one another (Table S1; Figures S2 and S3). For the Verde

lidar box, they capture midwinter conditions in February 2017

(~1 week following a large snowstorm) and peak SWE or mid-ablation

conditions (with peak SWE conditions at higher elevations and mid-

ablation conditions at lower elevations) in March 2017 and March

2019 (~1–2 weeks after late-winter snowstorms). For the Salt lidar

box, they capture midwinter conditions in February 2017 and March

2019 and peak SWE or mid-ablation conditions (depending on eleva-

tion) in March 2017. In general, snow variability tends to increase with

time (e.g., compare the CV of the February and March 2017 SWE

maps in Table S1). Areas with deep snowpacks in the midwinter sur-

veys also had deep snowpacks in the late-winter surveys, but areas

with shallow snow in the midwinter surveys tended to get shallower,

or were completely melted out, in the late-winter surveys (Figures S2

and S3). As such, even though some areas (e.g., north-facing slopes)

experienced peak SWE in these later surveys, other nearby areas

(e.g., south-facing slopes) had mid-ablation conditions.

3.2 | Forest impacts on SWE (plot scale)

For the individual research sites, the lidar data indicate that SWE in

forested areas can be either higher or lower than areas in the middle

of adjacent canopy gaps (Figure 4a,b). Furthermore, the snowtography

data, which capture much of the spatial variability of SWE at each site,

demonstrate that snowpack evolution through time is highly depen-

dent on position with respect to canopy. For example, at the high-

elevation site, SWE was greatest in a gap, especially where trees to

the south shade the snowpack and least underneath the canopy

immediately following a large 2019 snowstorm (Figure 4c). Ten days

later (corresponding to the observed SWE data in Figure 4b), SWE

was still high on the tree-shaded south side of the gap, but had

decreased substantially on the exposed northern side of the gap. Simi-

larly, at the mid-elevation site, there was more SWE in areas that were

open but were shaded by snowpack (Figure 4f), with less snow under

dense canopy. However, because of the taller trees and smaller gap

size, the geometry of the trees (e.g., north vs. south sides of the gap)

mattered less than at the high-elevation site. In other words, most

gaps were small enough to remain shaded from direct solar radiation.

The forest thinning comparison site showed even larger SWE dif-

ferences between open (in the thinned forest) and under-canopy

(in the unthinned forest) areas (Figure 4g). Figure 4i shows that more

snow accumulated in the thinned area than in the unthinned forest

during the 2019 snowstorm (due to less interception). Ten days after

the storm (corresponding to the SWE map in Figure 4h), snowpack

was shallow in both thinned and unthinned areas. Importantly, the

transition between the thinned and unthinned areas, which experi-

enced significant shading from the dense forest to the south, retained

the deepest snow.

The SWE variability at these sites reflects different rates of snow

accumulation and ablation in different areas, depending on their rela-

tionship to nearby or overhead canopy. For example, Figure 5 shows

SWE changes during this same snowstorm (which brought close to

15 cm of new snowfall to all three field sites) as well as during the

period of snow ablation following the storm in under-canopy, warm

and cool transitional, and open groupings at each site (whose locations

are shown in Figure 1). At all three sites, under-canopy areas had

smaller SWE increases than open areas due to interception of snow-

fall, whereas transition areas had somewhat variable accumulation.

During the ablation period, however, larger differences emerged

between the different groupings as the warm transition always had

the fastest ablation, followed by open areas, under-canopy areas, and

cool transition areas (which always had the slowest ablation). It is this

interplay between accumulation and ablation rates that lead to some

areas having more snowpack (e.g., on the north sides of tree stands)

and some areas having less (e.g., on the south sides of tree stands).

These findings are generally confirmed when a large sample of

snowfall and subsequent ablation periods from WYs 2017–2019 are

considered (Table 2). Relative to the open groupings, the under-

canopy groupings had the most reduction of snow accumulation

(~70%) at the forest thinning comparison site (compared with ~80%

for the other two sites). Ablation rates also varied the most at the for-

est thinning comparison site (ranging from 75% to 105% of those of

the open grouping for the cool transition and warm transition group-

ings, respectively) and least at the mid-elevation site (ranging from

90% to 105% of those in the open grouping for the cool transition

and warm transition groupings, respectively).

Due to the variable rates of snow accumulation and ablation, dif-

ferent environments did not always consistently have more or less

snow. For example, the open areas generally had the highest peak

SWE at each site, reflecting higher snow accumulation than any of the

transition or under-canopy areas, but cool transition areas sometimes
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had similarly high amounts of time-averaged SWE because of slower

ablation there (Table 3; even though these areas received less snow

accumulation during storms). Warm transition areas generally had less

time-averaged SWE than open or cool transition areas (despite some-

times receiving more snow accumulation than cool transition areas)

because of the higher rates of ablation. Under-canopy areas consis-

tently had the least amount of SWE, both in terms of maximum SWE

and average SWE. Although these trends were similar for all surveys,

there was some site-to-site and year-to-year variability. For example,

the warm and cool transition groupings had similar amounts of SWE

at the mid-elevation site (again, likely related to the small forest gaps

at the site), whereas at the other sites, there were larger differences

between these groupings. Also, there was some inconsistency

between years in terms of the relative differences of SWE between

open and under-canopy groupings, even for years with similar snow-

packs (e.g., compare 2017 and 2019 at the high-elevation site in

Table 3). These inconsistencies, along with the variable rates of accu-

mulation and ablation, suggest that the impact of forest cover on

snowpack is variable in time (both within and between seasons) as

well as space.

F IGURE 4 Lidar-based canopy height and observed SWE (on March 4, 2019) maps and north-south snowtography transects showing SWE,
both immediately following a large snowstorm (February 22, 2019) and 10 days later (on the date of the March 2019 lidar survey) at the three
field sites. The tree symbols above each transect indicate the approximate position of trees near each transect. For the mid- and high-elevation
sites, the snowtography transects span medium-sized gaps, whereas for the forest thinning comparison site, it spans the boundary between
thinned and unthinned forest patches. SWE, snow water equivalent
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3.3 | Forest impacts on SWE (landscape scale)

In general, our SWE maps covering the entire lidar domains

(Figure S4) show that SWE is enhanced by forest cover in canopy gaps

and on north sides of tree stands and reduced underneath and on the

south-facing sides of tree stands. For example, Figure 6a–c illustrates

(at the forest thinning comparison site) that deeper snow is found in

the medium-size canopy gaps (typically ~10–30 m in width, or one to

two times the height of the surrounding trees) as well as the south

10–20 m of large clearings in the thinned portion of the forest. Snow

is shallower underneath dense canopy (especially in the unthinned

forest) and along the sunny south-facing edges of tree stands, espe-

cially those on the northern edges of large clearings. Overall, the

unthinned forest has less snow than the thinned forest in this map

(which shows midwinter conditions at the site). Figure 6d–f shows

that an unburned section of forest near the high-elevation site tends

F IGURE 5 Changes in SWE during a
period of snow accumulation (February
2017 to February 22, 2019; a–c) versus a
subsequent period of snow ablation
(February 22 to March 4, 2019; d–f) for
groups of snowtography stakes for each
site showing relative differences in
accumulation and ablation rates. These
groupings are shown in Figure 1. SWE,

snow water equivalent

TABLE 2 Relative snow accumulation and ablation rates for snowtography groupings

Field site Groupings Accumulation rate (%) Ablation rate (%)

High-elevation Warm transition 105 115

Cool transition 95 90

Under-canopy 80 100

Mid-elevation Warm transition 95 105

Cool transition 90 90

Under-canopy 80 100

Forest thinning comparison Warm transition 85 105

Cool transition 85 75

Under-canopy 70 95

Note. Rates of snow accumulation and ablation for under-canopy, warm transition, and cool transition groupings are given relative to those of open

groupings at each site. At the high-elevation site, these data are based on 11 accumulation and ablation periods; at the mid-elevation site, they are based

on 12 accumulation and ablation periods; and at the forest thinning comparison site, they are based on 4 accumulation and ablation periods. These relative

rates are rounded to the nearest 5%.
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to have reduced SWE underneath dense forest canopy with deeper

snow in the canopy gaps, particularly on north-facing/neutral slopes.

In the adjacent burned forest, the areas of reduced and enhanced

SWE relative to standing dead trees are present but reduced. Here,

too, the overall impact of reduced canopy coverage (this time due to

wildfire) is for SWE to be enhanced (albeit modestly) under midwinter

conditions. The within-stand variation that results from trees generally

becomes larger for the surveys representing peak SWE or mid-

ablation conditions (Figure S4), presumably due to longer time periods

over which tree influences have integrated to affect snowpack.

TABLE 3 Peak SWE and average SWE for snowtography groupings for each year

Peak SWE Average SWE

Site (year) Open
Warm
transition

Cool
transition Under-canopy Open

Warm
transition

Cool
transition Under-canopy

High-elevation (2017) 25.2 22.6 22.3 12.3 12.7 9.2 10.7 3.2

High-elevation (2018) 5.7 4.7 5.3 3.2 0.9 0.7 0.9 0.5

High-elevation (2019) 33.0 29.9 30.4 20.0 15.2 11.2 14.2 7.5

Mid-elevation (2017) 18.2 16.9 14.6 14.0 4.0 3.5 2.9 2.7

Mid-elevation (2018) 5.5 4.1 4.0 3.3 0.8 0.6 0.7 0.5

Mid-elevation (2019) 16.4 15.9 15.4 12.8 4.4 4.1 4.2 2.9

Thinning comparison (2019) 14.4 12.1 11.5 10.4 2.3 1.4 2.2 1.4

Note. Each value under “Peak SWE” (Columns 1–4) is the maximum average of the SWE measurements for each category, and each value under “Average
SWE” (Columns 5–8) is the average of the November–March (which capture the bulk of the snow season) SWE measurements for each category.

Abbreviation: SWE, snow water equivalent.

F IGURE 6 (a) Map showing the difference between lidar-based SWE values and the modelled no-forest SWE values that are used to
normalize the lidar data in order to isolate forest cover impacts on SWE for an area along the forest transition at the mid-elevation (dry) site;
(b) orthomosaic and topographic contours for the area (contour interval: 2 m); (c) histogram of the observed minus no-forest SWE differences in
the thinned and unthinned portion of the map; (d–f) same except for at an area near the high-elevation site that has a distinct boundary between
a burned and unburned forest. The locations of these areas are indicated in Figure S4. SWE, snow water equivalent
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The overall impact of forest cover depends heavily on how much

shading there is at the snow surface, which is affected by both the

geometry of forest cover and the terrain slope and aspect. When for-

ested areas are binned into different categories of percent forest

cover and “shading factor,” which isolates the shading due to forest

cover (not including shading due to terrain influences; see

Section 2.3), we see that regardless of percent forest cover, the

effect of forest cover on snowpack is generally to increase SWE in

areas that are heavily shaded by trees and decrease SWE in areas

where tree shading is low (Figure 7). This general pattern occurs at

all field sites and at different points in the snow season; however,

the degree of impact from tree shading varies by elevation and time

of year. For example, for the high-elevation site, areas with less tree

shading have larger SWE decreases, whereas areas with more tree

shading have smaller increases during the mid-accumulation surveys

(February 2017 and March 2019). For the surveys representing peak

SWE or mid-ablation conditions (March 2017 and March 2019), the

increases in SWE in the tree-shaded areas are more pronounced, par-

ticularly at the mid-elevation and forest thinning comparison sites

(Figure 7).

The net effect of this is that SWE is maximized on neutral and

north-facing slopes for forest cover percentages between 30% and

50% (Figure 8). For south-facing aspects, though, SWE tends to

decrease as forest cover increases. For midwinter conditions

(February 2017 data for all sites as well as March 2019 data for the

high-elevation site), there are smaller SWE differences due to forest

cover, but these differences become larger for peak SWE or mid-

ablation conditions. In nearly all cases, forest cover causes more of a

F IGURE 7 Normalized (observed / no-forest) SWE values for various bins of percent forest cover and shading factor (1 − SFIVeg/SFIBare) for
areas surrounding (and within ± 50-m elevation) the three field sites for (a and b) February 1, 2017, (c and d) March 6, 2017, and (e and f) March
4, 2019. Each panel indicates whether the SWE conditions represent mid-accumulation, peak SWE, mid-ablation, or patchy snow cover
conditions at each site. Values >1 indicate that forest cover increases SWE, whereas values <1 indicate that forest cover decreases SWE (See
section 2.3 for a full explanation). SWE, snow water equivalent

IN THE SOUTHWEST US, TOPOGRAPHY MODIFIES THE IMPACT OF FOREST COVER ON SWE 11 of 17



reduction of SWE on south-facing aspects than on north-facing

aspects (Figure 8). The exception is the forest thinning comparison

site in March 2017, where there was very little remaining snowpack

(especially on south-facing slopes, which were almost entirely

snow-free).

4 | DISCUSSION

This study uses state-of-the-art SWE maps based on high-quality lidar

snow depth measurements and machine learning of field-measured

snow densities to show how, when, and where forest cover affects

SWE at southwestern U.S. sites with diverse forest structures due to

a combination of fire suppression, forest thinning, and wildfire. The

presence/absence of trees and their geometry causes large differ-

ences in snow depth and SWE at snow measurement locations that

are just a few metres from one another, with especially large differ-

ences between north and south edges of tree stands (Figure 4). How-

ever, this also leads to systematic forest cover impacts at the

landscape scale, as the interaction of forest cover (which influences

patterns of snow interception) and shading (which influences the

snowpack energy balance) can lead to both net-positive and net-

negative SWE responses to forest cover (Figure 7). In general, SWE is

optimized for intermediate levels of forest cover on neutral and

north-facing slopes (in agreement with the findings of Veatch et al.,

2009 at a similar site in New Mexico), though on south-facing slopes,

we find that SWE generally decreases with increasing forest cover

(Figure 8).

F IGURE 8 Median values of normalized (observed / no-forest) SWE versus percent forest cover on (blue) north-facing, (green) neutral, and
(red) south-facing slopes for areas surrounding (and within ± 50-m elevation) the three field sites on the three survey dates. North-facing, neutral,
and south-facing slopes are demarcated based on thresholds of bare-earth SFI (0.9 and 1.1), which give roughly comparable areas in each
category at each field site. Each panel indicates whether the surveys represent mid-accumulation, peak SWE, mid-ablation, or patchy snow cover
conditions. Normalized SWE values >1 indicate that forest cover increases SWE, whereas values <1 indicate that forest cover decreases SWE.
SWE, snow water equivalent
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Although this large-scale empirical study does not include mecha-

nistic measurements to explain why snowpack is optimized on neutral

and north-facing slopes at intermediate levels of forest cover, our

results are consistent with the explanation of Veatch et al. (2009) that

intermediate levels of forest cover are optimal because too many

trees cause too much sublimation of intercepted snow, whereas too

few trees do not provide enough shading of the ground to protect

snowpack from the sun. This optimization occurs because shading

increases more quickly across a forest density gradient from sparse

forest coverage to intermediate levels of forest cover, then levels off

for denser forests (Figure 9a). At the same time, interception generally

increases more linearly with percent forest cover. Therefore, at higher

levels of forest cover (>~50%), changes in interception have a larger

effect than changes in shading, whereas at lower levels of canopy

cover (<~50%), changes in shading are more important. In addition,

denser canopy is associated with more incoming longwave radiation

at the snowpack surface (Lundquist, Dickerson-Lange, Lutz, & Cristea,

2013), which would tend to cause snowpack changes that are in line

with interception changes (e.g., higher canopy cover leading to less

snowpack because of more longwave radiation receipt from denser

forest cover).

Decreasing SWE with increasing forest cover on south-facing

slopes is more surprising, as shading is usually considered important

for preserving snowpack in areas that are heavily exposed to sun

(Maxwell, Call, & Clair, 2019; Rinehart et al., 2008). The results pres-

ented here show that on south-facing slopes, any amount of forest

cover tends to decrease snowpack compared with open areas

(Figure 8), suggesting that reductions in snowpack due to interception

and longwave-driven ablation generally outweigh increases due to

shading. This could be a reflection of the fact that shading is generally

less efficient on south-facing slopes than neutral and north-facing

slopes: Not only are the tree shadows shorter, but there is less attenu-

ation of solar radiation due to shorter within-canopy path lengths

(Seyednasrollah & Kumar, 2014) on south-facing slopes, as visualized

in Figure 9c–d. Furthermore, trees exposed to more direct solar radia-

tion (e.g., on south-facing slopes) get quite warm (Lawler & Link,

2011), which means they emit more longwave radiation towards the

snowpack, which would further offset any sheltering effect from tree

shading. This effect is pronounced in the Southwest United States

due to the abundant sunshine.

SWE differences between areas with more or less forest cover

tend to become larger as the snow season progresses. For example,

F IGURE 9 (a) depicts how shading factor
(SF) and canopy interception losses vary with
respect to percent forest cover on different
aspects (computed using data from the midwinter
survey at the high-elevation site, where
interception losses are estimated from decreases
in SWE with forests that have minimal shading in
Figure 7g). (b) shows the net impact of forest
cover on SWE on north- and south-facing aspects
for the surveys representing mid-accumulation
and peak SWE or mid-ablation conditions at the
high-elevation site. These SWE values are

obtained by multiplying the normalized values for
these surveys in Figure 8g–h by the average SWE
for each grouping. (c and d) show schematics of
how forest cover interacts with incoming solar
radiation (Rsw) and enhances longwave radiation
(Rlw) differently on north and south aspects. SWE,
snow water equivalent
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these differences can clearly be seen by comparing the mid-

accumulation (February 2017) and peak SWE (March 2017) maps for

the high-elevation site (Figure 9b). Here, some accumulation but not

much melt (at least in shaded areas/on north-facing aspects) occurred

between these two survey dates, and therefore, snow on north-facing

aspects got deeper, whereas on south-facing aspects, it got shallower.

Furthermore, both the optimization of SWE at intermediate levels of

forest cover on north-facing slopes and the reduction of SWE for

denser canopy on south-facing slopes were more pronounced for the

later date (Figure 9). For the mid-elevation and forest thinning com-

parison sites, these differences are even larger for the two surveys

that captured peak SWE or mid-ablation conditions (Figure 8).

Although structural differences between the mid-elevation and high-

elevation forests might explain some of these between-site differ-

ences (dense ponderosa pine forests at the mid-elevation and forest

thinning comparison sites and sparser and partially burned mixed

conifer forests at the high-elevation site), the fact that the high-

elevation site shows increased SWE differences during or immediately

following peak SWE suggests that timing is a critical factor. Note that

for each lidar snow survey, more ablation occurs at the mid-elevation

and forest thinning comparison sites (hence the larger differences).

The fact that SWE differences are larger later in the snow season

is most easily understood using the snowtography data used in this

study. These data (which are located on flat topography) show that

under-canopy areas receive 20–30% less snowfall than open areas,

and ablation rates can vary by as much as 15–30% between sunny

and shaded areas (Table 2), resulting in larger differences developing

through time. This is especially apparent at the forest thinning com-

parison site. Here, the snowtography data show that a mechanically

thinned forest patch has both higher snow accumulation during

storms and faster rates of snow ablation than an adjacent unthinned

forest patch (Figure 4). However, forest geometry plays a large role as

snow ablation is much slower for canopy transition areas that are

shaded versus those that are not (Figure 5). This can lead to large dif-

ferences between shaded areas on the north sides of tree stands and

sunny areas on the south sides of tree stands (Golding & Swanson,

1986; Musselman, Pomeroy, & Link, 2015; Veatch et al., 2009). For

example, at the forest thinning comparison site, the thinned area just

north of the unthinned forest retains snowpack much more effectively

than other areas. Likewise, at the high-elevation site, areas to the

north of tree stands have much more snow than areas to the south of

these stands (Figure 4). Generally, this appears to be true for different

WYs, though there is some interannual inconsistency, even between

years with similar snowpack (e.g., between 2017 and 2019).

The results presented in this study have implications about the

impact of forest thinning on snowpack. As mentioned in the introduc-

tion, there are inconsistent results in the literature about whether

removal of forest cover increases or decreases SWE. Our results sug-

gest that both are possible depending on the topography, initial and

final forest configuration, and time of year. Thinning of dense forests

should generally result in increased snowpack because of a reduction

of sublimation of intercepted snowfall that can be substantial for

dense forests. However, in the case that snowpack is optimized at

moderate levels of forest cover (e.g., on north-facing slopes), too

much forest thinning (e.g., complete removal of canopy due to insect

infestation, clear cutting, or intense wildfire) might result in smaller

snowpack due to faster ablation. Note that aside from percent forest

cover, there are a variety of other factors associated with the vegeta-

tion that impact snowpack. Furthermore, there could be other influ-

ences, such as albedo reductions due to increased black carbon

(Gleason, McConnell, Arienzo, Chellman, & Calvin, 2019; Gleason &

Nolin, 2016), increased turbulent transfer of energy to the snowpack

(Burles & Boon, 2011; Winkler, 2011), and wind redistribution

(Hiemstra, Liston, & Reiners, 2006), which have the potential to fur-

ther modify ablation in these areas.

These snowpack responses to forest disturbance also have

broader hydrological implications about ecosystem health and resil-

iency as well as downstream water resources. For example, more

rapid snowmelt in areas that have been thinned too much may lead to

longer growing seasons, longer periods of dry soils, and increased dry-

ness during the summer. This dryness could be compounded by

increases in snowpack sublimation when the snowpack is more

exposed to wind and sun (Gustafson et al., 2010; Harpold et al., 2014;

Sexstone et al., 2018; Svoma, 2016). On the other hand, dense forests

might contribute to increased dryness by limiting the amount of

snowfall reaching the ground (Pomeroy et al., 1998). Due to the com-

bined pressures of physical proximity and dryness, they also pose a

substantially increased risk of catastrophic fire or insect outbreak. In

terms of downstream water resources, it may be preferable to have

snowpack melt more slowly due to adequate shading of the snow-

pack, as this could mitigate potential flooding and reservoir capacity

issues that occur following wet winters (Stewart, Cayan, & Dettinger,

2004). At the same time though, faster ablation rates may be good for

maximizing streamflow because these faster ablation rates have been

linked with more efficient runoff generation (Barnhart et al., 2016),

provided that there is not too much sublimation. More research is

needed to understand the fate of southwestern snow water resources

under such scenarios (e.g., to quantify sublimation vs. melt in order to

understand how snowpack changes impact streamflow vs. how they

impact the ecosystem), as well as how they relate to findings

about watershed response to forest disturbance in the region

(Baker, 1986; Ffolliott et al., 1989; Ffolliott et al., 2000; Robles,

Turner, & Haney, 2017).

5 | CONCLUSIONS

This study utilizes state-of-the-art maps and time series of SWE

(which are advantageous over using snow depth data alone because

they account for large spatial variability of snow density) to character-

ize snow–forest interactions at research sites that have variable forest

density in the forested headwaters of AZ's economically important

Salt/Verde Basin. These data show that open areas accumulate

20–30% more snowfall than under-canopy areas, and ablation rates

can vary by as much as 15–30% between sunny and shaded areas.

These variable rates of snow accumulation and ablation lead to
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substantial snowpack differences in areas with different degrees of

shading and canopy cover. For example, at a site that spans the transi-

tion between recently thinned and unthinned forest patches, the

thinned forest experiences higher rates of snow accumulation than

the unthinned forest, as well as both higher and lower rates of snow

ablation, depending on the geometry of the remaining trees. Deep,

persistent snowpacks are found in areas with more accumulation and

lower rates of ablation, whereas shallow snow or snow-free condi-

tions are found in areas with high rates of ablation.

In general, areas with dense forest cover have less SWE than

areas with sparser forest cover due to interception, though SWE

response to forest cover is highly variable and largely depends on how

efficiently the trees shade the snowpack. For neutral and north-facing

slopes, where trees are relatively efficient at shading the snowpack

(i.e., tree shadows are long), SWE is maximized at intermediate

(~30–50%) levels of forest cover. This optimization occurs because of

the interaction between shading (which increases nonlinearly with for-

est cover) and interception (which increases more linearly with forest

cover). On south-facing aspects, snowpack is generally shallower in

areas with more trees. This is likely because the effects of interception

and longwave radiation enhancement outweigh the effects of tree

shading. In these areas, trees are less effective at reducing radiative

forcing at the snow surface due to less efficient shading and increased

enhancement of longwave radiation from warm canopy. Therefore,

more trees (which also cause more interception) are needed to achieve

an equal amount of tree shading as fewer trees provide on neutral and

north-facing slopes. Overall, this SWE variability also increases later in

the snow season, leading to more pronounced snowpack optimization

on neutral and north-facing slopes at intermediate levels of canopy

cover, as well as more pronounced declines with increased canopy

cover on south-facing slopes as the snow season progresses.
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