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Highlights

•  Snow depth was 30% lower and snow melted out 16 days earlier in IR heated versus control plots.

•  Modeled sublimation rates were 59% lower in control versus heated plots.

•  IR heaters may result in unintended impacts on snowpack and soil water budgets.

•  Results presented herein should be considered when designing IR heater experiments.

Abstract

Effects of infrared heaters on snow accumulation, snowmelt, and snow–atmosphere energy exchange

were examined at Niwot Ridge, Colorado (CO) and compared to a naturally warmer, but otherwise 

similar subalpine site in the Valles Caldera National Preserve, New Mexico (NM). Observed snow 

accumulation was 30% lower on average and snow melted out 16 days earlier in the heated plots 

compared to the controls. Soil temperature during snowmelt was 3 °C greater on average and soil 

moisture was 4% lower on average in heated plots compared to controls. In NM, snow accumulation 

was 23% lower, snow melted 23 days earlier, soil temperature was 0.6 °C greater, and soil moisture 

was 13% lower on average relative to CO controls. In order to estimate differences in energy and 

mass balance fluxes at the snow–atmosphere interface in control versus warmer plots, the 1-D, 

physically based snowmelt model, SNOWPACK, was used. Model results indicated that heaters alter 

radiative, turbulent and mass fluxes by amounts comparable to the differences between CO and NM 

fluxes. The proportion of the energy flux associated with latent heat exchange during snowmelt was 

9–27% of the total energy flux in heated models and 19–22% of NM models compared to 3–7% in 

control models. Thus, sublimation loss to the atmosphere was greater in both experimentally and 

naturally warmer cases relative to the control case. We conclude that IR heaters can provide 
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alterations to the timing and magnitude of snow accumulation and snowmelt consistent with 

conditions observed at a warmer analog site and with climate and hydrology model projections. 

Impacts of IR heating on energy partitioning and sublimation should be considered when designing 

manipulations of the snowpack, as reductions in snowmelt water may alter biological or ecological 

processes.

1. Introduction

Global mean surface temperature is projected to increase by 1.5–4 °C by the end of the 21st century 

with wide-ranging impacts (Stocker et al., 2013). Ecosystems in seasonally snow-covered regions will

be subjected to substantial changes in climate conditions, as even subtle changes in temperature can

alter precipitation type, and the timing of snow accumulationand snowmelt (Bales et al., 2006). Such 

changes are especially difficult to quantify in mountainous regions of complex topography (Lundquist 

and Flint, 2006) and high interannual variability (Pagano and Garen, 2005).

Climate manipulation experiments increasingly have been used to study potential ecological 

consequences of climate change (Wu et al., 2011). Climate manipulations in seasonally snow-

covered regions have included snow fences to manipulate snow depth (Loik et al., 2013, Williams et 

al., 1998a, Williams et al., 1998b), shoveling to change snow depth or snow cover duration (Dunne et 

al., 2003, Decker et al., 2003, Comerford et al., 2013), and open top chambers (OTCs) to passively 

warm the soil (Wipf and Rixen, 2010). Active climate manipulation using aboveground thermal 

infrared (IR) radiation to warm experimental plots is an attractive method because one can directly 

manipulate surface energy inputs with few methodological limitations (Harte et al., 1995, Kimball et 

al., 2008, Aronson and McNulty, 2009).

In snowmelt-dominated systems this is beneficial as one can manipulate rates of snowmelt and the 

timing of snow disappearance without disruptive soil or snow manipulation. Several studies have 

used overhead infrared heating in snow-dominated ecosystems (Harte et al., 1995, Wan et al., 

2002, Auyeung et al., 2013, Moyes et al., 2013), and have reported increases in soil temperature of 

1–2 °C during the growing season, with higher temperatures closer to the surface and under higher 

heater intensities. In these studies, heating also decreased growing season soil moisture, advanced 

the timing of snowmelt and/or reduced snow depth and the frequency of freeze–thaw events. 

However, detailed assessments of the impacts of IR heaters on the snowpack have not been 

conducted.

IR heating is considered one of the most realistic methods for simulating a warmer climate as it 

causes minimal physical disruption to an ecosystem, has moderate temperature variability, and can 

be applied in a variety of environmental conditions (Aronson and McNulty, 2009). However, infrared 

heating falls short of exactly replicating a warmer climate because it does not directly warm the air, 

but instead warms the land surface, and does not maintain relative humidity (Amthor et al., 2010). 

While this latter critique is based on an understanding of basic principles of heat transfer, one study 

found that IR heaters can, in fact, cause increases in minimum and mean air temperatures (Wan et 

al., 2002). Regardless of whether or not IR heaters warm the surface and not the air, IR heaters raise 
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canopy and soil temperatures as would be expected with global warming (Kimball, 2011), and thus 

remain a useful method for studying ecosystems in the context of global warming.

When used to alter winter climate, growing season length, and/or the timing of snowmelt, it is 

necessary to consider effects and artifacts associated with this approach. For example, unless 

continuously adjusted, the impact of changes in snow depth alters the height of the heaters with 

respect to the snow surface and therefore alters energy transfer efficiency and the spatial footprint of 

energy inputs to the surface in the same manner as a growing crop canopy (Wall et al., 2011). In 

addition, the snow surface is an evolving medium in which IR heating can increase the rate of 

snow metamorphismand increase snow surface grain size. As a result, snow-surface albedowould 

decrease and absorption of shortwave radiation would increase (Flanner et al., 2011). Infrared 

heaters may also alter turbulent exchange between the snow and the atmosphere as the snow 

surface temperature cannot exceed 0 °C. Hence, if the snowpack warming is considerable, then the 

sign of the temperature gradient between the snow and the atmosphere may reverse as the snow 

surface temperature becomes greater than the air temperature (Molotch et al., 2007). In some 

instances, partitioning of available energy to latent heat fluxes may be increased by infrared heaters, 

resulting in increased sublimation and reduced snowmelt and soil–water inputs.

Detailed analysis of snowpack changes within the IR heater footprint may also improve understanding

of snowpack response to climate warming. Given the importance of the snowpack to winter soil 

temperature, soil moisture, and light availability, future changes in snowpack conditions may have 

significant ecological impacts (Brooks et al., 2011, Campbell et al., 2005) Recent work has highlighted

the multi-decadal decline in snow accumulation in Earth's mountainous regions (Hamlet et al., 

2005, Mote et al., 2005). Mote et al. (2005) found snow water equivalent (SWE) decreases of 2–30% 

throughout the western US from observed SWE records spanning 1950–1997. Additionally, the timing

and magnitude of snowmelt pulses are sensitive to anticipated future changes in climate (Adam et al.,

2009). For example, projections indicate that the period of snow cover in the Rocky Mountains may 

decrease by 1–3 months by the end of the century, and maximum SWE values may decline by an 

average of 40% (Rasmussen et al., 2014, Deems et al., 2013). These potential changes in snowmelt 

have profound ecological implications as the magnitude of snowpack and timing of snowmelt strongly 

influence forest growth (Trujillo et al., 2012), fire regimes, (Westerling et al., 2006) and soil 

respiration rates (Monson et al., 2006). IR heaters may be well suited for evaluating the potential 

ecological impacts of reduced snow cover duration and SWE. However, precipitation predictions are 

highly uncertain and IR heaters are of limited value for evaluating scenarios of precipitation change.

In addition to changes in timing and magnitude of snow accumulation and melt, snowpack energy and

mass fluxes may change in response to alterations in available energy. The snowpack energy 

balance is influenced by temperature and vapor density gradients within the snowpack and driven by 

energy exchange at the snow–atmosphere and snow–soil interfaces (Male and Granger, 1981). 

Future increases in mean air temperature and increased atmospheric longwave radiation emission 

will alter the snowpack energy balance (Franco et al., 2013), and the turbulent exchange of heat and 

moisture between the snowpack and the atmosphere. How these changes will impact energy 

partitioning, the snowpack mass balance, and water availability for ecosystem services and 
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downstream users is largely unknown (Link and Marks, 1999). Modeling future snowpack conditions 

can be a useful technique for quantifying climate-related changes to hydrologic regimes in snowmelt-

dominated ecosystems. Modeling studies have projected a wide range of potential future snowpack 

conditions by the end of the century with 5–60% decreases in SWE (Bavay et al., 2009, Beniston et 

al., 2003, Lopez-Moreno et al., 2009), 1–8 weeks earlier snowmelt (Bavay et al., 2009, Beniston et 

al., 2003, Gillan et al., 2010, Stewart et al., 2004), and an overall shorter snow season (Lopez-

Moreno et al., 2009, Magnusson et al., 2010). However, modeling studies are rarely, if ever, evaluated

relative to experimental climate manipulations intended to alter dynamics of snow accumulation and 

melt.

This study uses IR heaters in the subalpine forest of Niwot Ridge, CO to explore the sensitivity of 

snow accumulation, snowmelt, and soil microclimateto IR heating. Comparisons to measurements 

made in control plots and to a naturally warmer subalpine snowpack in New Mexico were used to 

assess the validity of the IR heater manipulations with respect to snowpack conditions. Observed 

meteorological conditions and a physically based snowmelt model were used to estimate snow–

atmosphere energy exchanges, and to identify mechanisms likely controlling observed changes in 

snow and soil properties. The driving question behind this research is: How do IR heaters affect snow

accumulation, snowmelt, soil microclimate, and the partitioning of available energy at the snow–

atmosphere interface?

2. Study areas

2.1. Niwot Ridge, Colorado

Niwot Ridge is located in the Colorado Front Range 35 km west of Boulder, CO and ∼8 km east of 

the Continental Divide (40° 03′ N, 105° 36′ W) (Fig. 1). This area is designated a UNESCO Biosphere 

Reserve and is the location of the National Science Foundation (NSF) Niwot Ridge Long-Term 

Ecological Research (NWT LTER) site. The IR heating experiment is at 3060 m in subalpine 

forest composed of lodgepole pine (Pinus contorta), Engelmann spruce (Picea engelmannii), 

subalpine fir (Abies lasiocarpa), and limber pine (Pinus flexilis). Average canopy height at the nearby 

Ameriflux site is 11.4 m with an average gap fraction of 17% (Turnipseed et al., 2003). 

Maximum LAIduring the growing season is 4.2 m2 m−2. The secondary forest around the study site is 

approximately 100 years old following major logging activity in the earlier part of the 20th century. 

Prevailing wind direction is from the west, especially during winter, with low sub-canopy windspeeds 

(Blanken et al., 2009, Turnipseed et al., 2003). Average winter-time relative humidity during the study 

period was 57%. The surface surrounding the study site is generally flat with a slope of <5% in each 

study plot. The soils are rocky, having developed on igneous and metamorphic residuum or till, and 

are classified as loamy-skeletal, mixed, superactive Typic Dystrocryepts. The mineral soil is covered 

by a thin (∼2 cm) organic layer which may reach up to 15 cm in depth (Castanha et al., 2013).
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Fig. 1. Niwot Ridge, CO and Valles Caldera National Preserve, NM site locations.

Long-term meteorological, snowpack, and flux measurements are made at the nearby C-1 site, the 

National Resources Conservation Service SNOwpack TELemetry (SNOTEL) network site NIWOT 

663, and at a flux tower site, all of which are located within 0.5 km from the experiment site. The long-

term (1952-present) mean annual air temperature is 1.5 °C. Niwot Ridge experiences an average of 

930 mm annual precipitation, about 80% of which falls as snow (Caine, 1995). Snowpit 

measurements are made as part of the Niwot Ridge Long Term Ecological Research program, 

including vertical profiles of snowpack density and snow temperature.

2.2. Valles Caldera National Preserve, New Mexico

The Valles Caldera National Preserve (VCNP) Mixed-Conifer site is located in the Jemez Mountains 

of northern New Mexico (NM) (35° 53′ 18″ N; 106° 31′ 36″ W) at 3020 m elevation (Fig. 1). The 

vegetation at this study site is mainly composed of Douglas fir (Pseudotsuga menziesii), white 

fir (Abies concolor), blue spruce (Picea pungens), southwestern white pine (Pinus strobiformis), 

limber pine (Pinus flexilis), ponderosa pine (Pinus ponderosa), and 
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some aspen (Populus tremuloides). Average canopy height around the flux tower is 19.6 m, and 

growing season LAI is 3.43 m2 m−2 (McDowell et al., 2008). Soil texture at this site is a sandy loam, 

roughly 150 cm deep overlying volcanic parent material (Small and McConnell, 2008). Average 

annual precipitation is 720 mm. Supplementary precipitation data were collected 14 km away at the 

Quemazon SNOTEL site at an elevation of 2896 m. Approximately 65% of the precipitation in the 

Jemez mountains falls as snow between November and April and 35% falls as rain associated with 

the summer monsoon. Average wintertime relative humidity during the study period was 55%.

3. Field methods

3.1. Experiment design

The CO study site has 20 circular plots, 3 m in diameter (7.07 m2), 10 of which are heated and 10 of 

which are controls (Fig. 2a). Heated plots are surrounded by a hexagonal steel structure with six 

infrared lamps arranged evenly around the plot perimeters. The heaters were mounted 1.2 m above 

bare ground (Fig. 2b), and the heating lamps were angled at 45° to evenly distribute the radiation 

across the plot area (Kimball, 2005, Kimball et al., 2008). Unlike other snow manipulation methods, 

this design does not interfere with wind, sunlight, or precipitation, nor does it physically disrupt 

the snowpack.
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Fig. 2. Schematic showing layout of heated and control sites (a). Photo of example heated plot taken on 31 May, 2011 (b),
heaters are circled in red at the vertices of the heated structure hexagon. Note in (a) that each plot was divided into 
quadrants with soil moisture and temperature measured at the center of each quadrant within each plot. Watered plots 
(W) and heated and watered plots (HW) were not used in this study. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of the article.)

The ceramic IR lamps (Mor Electric Heating Association Inc. Model FTE-1000) were 245 mm long by 

60 mm wide with a maximum output of 1000 W. The energy emanating from heaters was in the 
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thermal infrared portion of the electromagnetic spectrum at 4.5–42 μm, consistent with previous 

warming experiments (Kimball, 2005, Wan et al., 2002). From a surface energybalance perspective, 

the energy from the heaters was equivalent to an increase in incoming longwave radiation to the 

snow surface. Heater output was designed to increase surface soil temperature by ∼4–4.5 °C 

averaged over the growing season, a mid-range temperature increase projected for the end of the 

century (IPCC, 2007); heaters were operated in a constant flux mode (Harte and Shaw, 1995, Harte 

et al., 1995). In 2009–2010, heater output was maintained at the same level year round. In 

subsequent years it was moderated with the aim of advancing the date of snow disappearance by ∼4

weeks.

We explored snowpack sensitivity to different energy inputs by comparing results from years (water 

years 2010–2012) with different IR heater energy outputs. During water year 2010 season, heaters 

operated at 50% power or ∼500 W. In very low wind conditions, we estimated that ∼50% of heater 

output was incident within the plot perimeter (Kimball, 2005), resulting in an estimated radiant flux 

density of ∼214 W m−2. During the 2010–2011 winter season (mid-November through mid-March), 

heater output was lowered to 10% of maximum power resulting in a radiant flux density of 42 W m−2 in

each heated plot. In mid-March, heaters were turned up to 20% resulting in a radiant flux density of 

85 W m−2 at each heated plot in order to achieve an advance in the timing of snowmelt. For the 2011–

2012 winter season, the heaters operated at 10% of maximum output (42 W m−2) from mid-November 

through the first week in March. From then onward, heaters operated at 40% of maximum power 

(171 W m−2).

3.2. Meteorological measurements

Meteorological measurements at the CO site were recorded from a tower located in the center of the 

study site including an RM Young Model 03101-L anemometer measuring wind speed, and a 

Campbell Scientific HMP45C-L Temperature/Humidity Probe (Table 1). All meteorological sensors 

were mounted 2 meters above bare ground, and data were logged as 15 min averages of 1-s 

readings. Additionally, above-canopy radiation (25.5 m), temperature and wind speed measurements 

(both 21.5 m) were obtained from the Niwot Ridge AmeriFlux tower (Table 1), located 0.5 km from the

study site. For the few existing data gaps, an average value from the preceding and subsequent 

timestep was used to fill the gap. Meteorological and radiation measurements for the New Mexico site

were collected from a flux tower as described in Molotch et al. (2009). The specific instruments are 

listed in Table 1.

Table 1. Instrument descriptions and measurement heights on Niwot Ridge, CO and in the Valles Caldera, NM.

Variable Niwot Ridge, Colorado Valles Caldera, New Mexico

Measurement 
height (m)

Instrument
Measurement 
height (m)

Instrument

Temperature 
(°C)

2 & 21.5
Vaisala HMP-45C & 
Vaisala HMP-35D

21.65
CSAT-3 Campbell 
Scientific

Relative 2 & 21.5 Vaisala HMP-45C & 21.65 Vaisala HMP-45C
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Variable Niwot Ridge, Colorado Valles Caldera, New Mexico

Measurement 
height (m)

Instrument
Measurement 
height (m)

Instrument

humidity (%) Vaisala HMP-35D

Wind speed 
(m s−1)

2 & 21.5
RM Young 03101-L & 
CSAT-3 Campbell 
Scientific

21.65
CSAT-3 Campbell 
Scientific

Net radiation 
(W/m2)

25.5 CNR-1, Kipp & Zonen 20
4-component 
CNR-1, Kipp & 
Zonen

Heaters 1.2

Mor Electric Heating 
Association, Inc. 
ceramic heaters FTE-
1000

N/A N/A

Snow depth 
(cm)

1.75–2
Judd Comm. Ultrasonic
Snow Depth Sensors

2.5
Judd Comm. 
Ultrasonic Snow 
Depth Sensors

Soil 
temperature 
(°C)

−0.1 to −0.05 Decagon EC-TM −0.4 to −0.01
CS 107 
Thermistors

Soil moisture 
(% by volume)

−0.1 to −0.05 Decagon EC-TM −0.4 to −0.1
CSI CS616 TDR 
probe

Precipitation Sub-canopy
100″ Transducer, 
Sensotec (@SNOTEL)

2
TE525WS-L, 
Texas Electronics

3.3. Snow measurements

Snow depth measurements over selected heated and control plots at the CO site were recorded 

using Judd Communications LLC Ultrasonic snow depth sensors. These sensors became operational 

on 5 March 2010, on 29 January 2011, and on 3 November 2011 in each respective winter. Each 

snow depth sensor was 8 cm × 8 cm × 13 cm in size with a beamwidth of 22° and a vertical accuracy 

of 1 cm. Depth was recorded hourly with a Campbell Scientific CR1000 datalogger. Each snow depth 

sensor was located about 2 m above bare ground.

For the 2009–2010 snow season, four pairs of heated and control plots were set up at the study site. 

The 2010–2011 snow season had only two heated and control pairings due to field equipment and 

electrical malfunctions. Three heated and control pairs operated throughout the 2011–2012 season. 

Snow depth in each plot was also measured by hand every two weeks from November until the end 

of each snow season (i.e. the date of snow disappearance).

The New Mexico snow measurements for the 2009–2010 snow season were recorded with nine Judd

ultrasonic snow depth sensors in the vicinity of the flux tower. The sensors were positioned in a 

stratified sampling pattern regarding proximity to trees with three sensors in under-canopy locations, 

three at canopy-edge locations, and three in open areas (Molotch et al., 2009). Since the above-

mentioned snow sensors were not operational in the following two snow seasons (2010–2011 and 

2011–2012), snow depth and SWE in 2011 and 2012 were measured at a COSMOS (Cosmic Ray 
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Soil Moisture Observing System; http://cosmos.hwr.arizona.edu/) site approximately 300 m from the 

flux tower (Desilets et al., 2010).

3.4. Soil measurements

Inside the heated and control plots, soil volumetric water content (VWC) and soil temperature were 

measured with Decagon EC-TM sensors at 5–10 cm soil depth. Sensors were inserted vertically into 

the soil at the center of four 1 by 1 m quadrants within the plot. Soil probes were calibrated in the 

laboratory to VWC ranging from dry to saturated using soil collected adjacent to plots and sieved to 

remove particles >2 mm (Moyes et al., 2013). Data were recorded every 15 min with averages of the 

four sensors in each plot used to calculate average VWC and soil temperature per plot.

At the NM site, hourly soil microclimate data were collected from the Western Regional 

Climate Center's (WRCC) Redondo site. This soil and meteorological instrument cluster is located 

1.7 km west of the VCNP Mixed-Conifer study site where the flux tower and snow measurements 

were located. Here, VWC was measured with Campbell Scientific CS616 Time Domain 

Reflectometry (TDR) probes with an integrated depth of 1–40 cm, and soil temperature was 

measured with CS 107 Thermistors at depths of 1, 10, and 40 cm.

4. Modeling methods

SNOWPACK, a complex, one-dimensional physical snowpack model (Bartelt and Lehning, 

2002, Lehning et al., 2002a, Lehning et al., 2002b), was used to model snowpack mass and energy 

fluxes at the control, heated, and NM sites. SNOWPACK numerically solves the partial differential 

equationsgoverning mass, energy, and momentum conservation within the snowpack using a fully 

implicit Lagrangian Gauss-Seidel finite element method. Snow is modeled as a three-component 

porous structure comprising volumetric fractions of solid and liquid water, and air. Snowpack behavior

is characterized by two mass conservation equations for the different phases of water, one bulk 

temperature equation and one momentum equation for the ice phase (Bartelt and Lehning, 2002). 

Rates of snowpack settlement and explicit properties of multiple layers are calculated based on a 

microstructure-dependent viscosity determined by the temperature and temperature gradient of the 

snowpack (Lehning et al., 2002b). SNOWPACK outputs utilized in this study include snow 

depth, snow water equivalent, snow grain size, snow temperature, and energy fluxes at the snow–

atmosphere interface; other outputs include snow grain morphology, snow density.

4.1. Model forcings

SNOWPACK is forced by air temperature, relative humidity, wind speed, snow–soil interface 

temperature, incoming shortwave and longwave radiation, precipitation and/or snow depth. 

Geographic locational information, vegetation density, and soil properties are static 

model parameters. The instruments, locations, and measurement heights for each variable are 

described in Table 1. It should be noted that precipitation data from the Niwot SNOTEL site was 

scaled by a factor of 0.9 in 2010 and 0.8 in 2011 to correct for slight precipitation gauge over-catch 

during the snow season. This was based on the measured ratio of precipitation and SWE during 

discrete snow events as determined from the gauge-measured liquid depth of precipitation and 
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SNOTEL snow pillow SWE measurements (under the assumption that the snow pillow has greater 

accuracy). No correction was necessary for 2012 precipitation data based on comparisons with the 

snow pillow. The Beer's Law extinction coefficient default value of 0.7 in SNOWPACK was changed to

0.4 to reflect the local canopy conditions. Because future changes in precipitation are predicted with 

far less certainty than projected temperature changes (Stocker et al., 2013), no precipitation changes 

were accounted for in this study. Previous studies have reported snowfall over-catch (Li and Pomeroy,

1997, Struzer, 1971, UNESCO, 1978, Benning and Yang, 2005, Williams et al., 1998a, Williams et al.,

1998b, Yang et al., 2000, Yang and Ohata, 2001) and have used measured SWE to infer precipitation

gauge efficiency (e.g. Yang et al., 2000, Goodison, 1981, Goodison et al., 1998). Our correction uses 

snow pillow SWE data surrounding the storm events when atmospheric humidity is high and 

temperature is low, limiting biases due to sublimation or melt. Bias from wind-scour in the forest 

clearing where measurements are made is also unlikely.

4.2. Modeling scenarios

4.2.1. Control simulations

Each model was run with hourly data; radiation data came from the flux tower at Niwot Ridge, 

precipitation and air temperature from the Niwot SNOTEL, and relative humidity and windspeed data 

were from the in situ instrumentation at the CO study site described above.

4.2.2. Heated simulations

Heated model runs in CO were performed by using the same driving data as for control simulations, 

but increasing the amount of measured incoming longwave radiation (LW in) by the amount added to 

each plot from the heaters as previously described in Section 3.1.

4.2.3. New Mexico simulations

To evaluate whether IR heaters produce similar effects on snow as would warmer air (the primary 

mechanism of surface warming in the future) (Amthor et al., 2010), we also modeled snowpack at the 

naturally warmer NM site. The NM simulations were driven with meteorological data (air temperature, 

relative humidity, windspeed, precipitation, incoming solar and longwave radiation) from the 

instruments at the Valles Caldera Mixed-Conifer flux tower site described above.

4.2.4. Synthetic warming simulations

Although the NM site has been shown to be a useful warming analog for the Colorado (CO) site 

(Molotch et al., 2009), there are climatological differences associated with latitude, humidity, and 

precipitation that can complicate comparisons with the CO site. To address some of these differences,

synthetically warmed simulations at the CO site were also conducted using the CO control forcings, 

yet systematically increasing air temperature and incoming longwave radiation values based on 

observed monthly differences between the CO and NM sites. Unlike the NM simulations, this 

simulation includes precipitation forcings identical to the CO Control simulations. Adjusted incoming 

longwave radiation was derived based on estimates of effective atmospheric emissivity and 
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synthetically warmed air temperature. Effective atmospheric emissivity (ɛa) was calculated from hourly

measurements of LWin and air temperature observed at the CO site:

where σ is the Stefan–Boltzmann constant (5.67 × 10−8 W m−2 K−4), and T is air temperature in Kelvin. 

With this calculated ɛa value, a new hourly LWintime series was calculated by adding the average 

difference in temperature between NM and CO to the measured CO air temperature (Tnew), and using 

the Stefan–Boltzmann Law:

SNOWPACK model runs for each of the four cases–control, heated, synthetic, and NM – in 2010, 

2011, and 2012 were produced for October–June. We compared snow depth, soil temperature and 

moisture, and energy fluxes over the entire snow season and separately for the accumulation and 

melt periods. The snow season is defined based on the duration of snow cover from first snowfall in 

autumn to snow disappearance in spring; each snow season is referred to as the year of snow 

disappearance (i.e. the 2010 snow season began in autumn of 2009). The accumulation season was 

defined to be the time from initial snow accumulation until snowmelt onset. The snowmelt period was 

defined as beginning at the onset of snowmelt until snow disappearance. The exception to these 

definitions is the heated case in 2010 due to its ephemeral nature, thus new definitions for this case 

were based on the largest individual accumulation and melt-out event from 7 May to 17 May. 

Snowpack accumulation and melt timing and magnitude as well as average energy and water fluxes 

for the “accumulation” period were calculated from 7 May to 12 May 2010 (accumulation event). Melt 

calculations were for average fluxes and mass losses or gains from 13 May through 17 May 2010.

Energy and mass fluxes are reported from the perspective of the snowpack, thus gains to the 

snowpack energy and mass are reported as positive, losses from the snowpack are reported as 

negative. The snowpack energy balance is generally expressed:

where ΔQs is the change in energy storage associated with both cold content and snowmelt, 

QSW, QLW, Qe, Qh, Qg, and QA are the net shortwave radiation, net longwave radiation, latent heat 

flux, sensible heat flux, ground heat flux at the snow–soil interface, and energy flux due to advection, 

respectively. Once the temperature of the snowpack reaches 0 °C, any additional energy input to the 

snowpack is converted to melt energy.

5. Field results

5.1. Meteorology

Mean air temperature at the Niwot Ridge SNOTEL site in CO was −0.79, 0.73, and 0.98 °C in 2009–

2010, 2010–2011, and 2011–2012 snow seasons, respectively (Fig. 3). This site is sheltered with low 

daily wind speeds below the canopy averaging 0.43, 0.43, and 0.45 m s−1 in each of the three study 

years, respectively. During the 2009–2010 snow season, snow depth measurements at the Niwot 
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SNOTEL site show snow accumulation beginning in early November 2009 and melting out completely

by May 31. The 2010–2011 snow depth measurements show snow accumulation beginning in late 

October and melting out completely by June 10. The 2011–2012 snow depth measurements show 

snow accumulation beginning in mid-October and melting out completely by May 5.

Download high-res image     (491KB)

Download full-size image

Fig. 3. Daily mean air temperatures at the Quemazon, NM and Niwot Ridge, CO SNOTEL sites for the 2010, 2011, and 
2012 snow seasons.

Mean air temperature at the NM site was −0.69, 2.27, and 3.93 °C in 2009–2010, 2010–2011, and 

2011–2012 snow seasons, respectively. Air temperature time series at the two sites track each other 

fairly well (Fig. 3) with average snow season air temperature at the Quemazon site consistently 3–

4 °C higher than at the Niwot SNOTEL site. This indicates that the NM site adequately reflects a 

naturally warmer condition relative to the CO site. Average daily wind speeds above the canopy were 

2.96, 1.81, and 1.34 m s−1 in each of the three study years (note: below-canopy windspeed 

measurements were not available). Snow accumulation in the Valles Caldera 2009–2010 season 

began in late November and melted completely by May 6. Snow accumulation in the 2010–2011 

season began in mid-December and snow disappeared on May 2. Snow accumulation in the 2011–

2012 season began in early November and snow disappeared by April 19.

5.2. Snow accumulation and melt

During the 2009–2010 snow season when heaters were set to 50%, average maximum snow depth in

heated plots (31 cm) was 74% lower than the control plots (121 cm). Maximum snow depth at the NM

site (99 cm) was 18% lower than the CO control plots. Thus, the heaters reduced snow accumulation 

far beyond that observed at the naturally warmer site (Fig. 4, Fig. 5). In the heated plots, snow was 

present only directly after snow events, and melted quickly, never reaching depths greater than 

31 cm. The ultrasonic snow depth sensors were able to capture this transient snow accumulation and

melt in the heated plots. Snowmelt onset began 60 days earlier in NM relative to CO 

control snowpack, and disappeared 25 days earlier than the CO control plots. Melt onset and snow 
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disappearance in the heated plots were not comparable to the control or NM snowpacks due to the 

transient nature of the snowpack.
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Fig. 4. Modeled and observed snow depth from ultra-sonic sensors for control, heated, synthetic, and New Mexico plots. 
Note the vertical bars bracketing observed values in all plots represent the range in the observations from all sample 
locations; heated 2011, NM 2011, and NM 2012 only have 1 observation each and thus a range is not shown. The black 
horizontal lines along the x-axes in control and heated graphs indicate the date range of observed snow disappearance 
determined from soil temperature measurements.
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Fig. 5. Observed (modeled for synthetic) peak snow depth, and melt onset and snow disappearance timing for the 
control, heated, synthetic, and New Mexico plots 2010–2012. Note the day of year (DOY) of melt onset and snow 
disappearance are not shown for the heated plots in 2010 due to the intermittent snowpack.

During the 2010–2011 snow season, when heaters were set to 10–20%, average maximum snow 

depth was 116 cm in heated plots, 9% less than average maximum depth in control plots of 128 cm. 

These differences were relatively small during the snow accumulation period but became more 

pronounced during the snowmelt period. NM average maximum snow depth (58 cm) was 55% lower 

than CO control plots. Snowmelt onset and snow disappearance at control and heated plots occurred 

within 1 day of each other. Snowmelt onset occurred 72 days earlier in NM versus the CO control site,

and snow disappeared 37 days earlier in NM.

During the 2011–2012 snow season, when heaters were set to 10–40%, average maximum snow 

depth was 92 cm in heated plots, 4% less than average maximum depth in control plots; differences 

in snow depth were particularly notable during spring. NM snow depth was 13% greater than average

maximum depth in CO control plots with considerably greater snow depth in fall. Unlike previous 

years, snowmelt onset occurred earliest in control plots; 4 days earlier than heated plots and 17 days 

earlier than the NM site. Snow disappeared 31 days earlier in heated plots and 6 days earlier in NM 

plots relative to controls. It should be noted here that, in all years, snow persisted in the center of 

these heated plots (Fig. 2b) days to weeks longer than the snow directly underneath the heaters, thus
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creating an annulus void shape with greater snow depths around the perimeter and at the center of 

the plot. Thus, the observed snow depths from the ultra-sonic sensors are likely greater than the plot-

average snow depth.

Averaged over all study years, heated and NM snowpacks experienced 30% and 23% lower peak 

snow accumulation, respectively, compared to control plots; results were strongly influenced by the 

large snowpack reductions in the 2009–2010 snow season. Control plots experienced the greatest 

number of snowcover days (average 226); heated plots and NM had fewer days of snowcover with an

average 155 and 149 days, respectively. These general data summaries indicate that the snowpack 

response to the heating manipulations fell within the range of the naturally warmer conditions in NM 

with the exception of the 2009–2010 snow season when the heaters were set relatively high.

5.3. Soil temperature

Average snow season soil temperature in CO control plots for all study years was 2.6 °C compared to

4.4 °C in heated plots and 4.2 °C in NM (Fig. 6). Pre-snowmelt average soil temperature in control 

plots was 0 °C compared to heated soil at 1 °C which was mostly snow-free during the 2010 winter 

and thus warmed above freezing. NM pre-snowmelt soil temperatures averaged −0.14 °C. From 

snowmelt onset through the end of June, average soil temperatures in heated plots and NM (9.7 °C 

and 6.9 °C, respectively) were warmer than control plots (6.4 °C). In all years, the greatest differences

between heated and control soil temperatures occurred at time periods when heated plots became 

snow free. In this regard, one can see large differences in soil temperatures throughout most of 2010 

and during the spring of 2012. Conversely, in 2011 there was very little difference in soil temperature 

in heated and control plots because heaters were set lower and therefore snow persisted in heated 

plots.
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Fig. 6. Measured soil temperature (a–c) and soil moisture (d–f) for control, heated, and New Mexico study plots 2010–
2012, respectively.
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5.4. Soil moisture

Average VWC in CO control plots for all study years was 0.20 over the entire snow season compared 

to 0.22 in heated plots and 0.20 in NM (Fig. 6). Pre-snowmelt average VWC in control plots was 

slightly lower than in heated plots at 0.18 versus 0.21, respectively. VWC was similar after snowmelt 

onset in control plots compared to heated plots, 0.24 versus 0.23. Average VWC in NM was similar to,

or lower than control and heated plots, with pre-snowmelt and post-snowmelt onset VWC values of 

0.18 and 0.21, respectively. As with soil temperature, the greatest differences in VWC are seen during

periods when snowmelt occurs in heated plots but not in control plots; i.e. throughout 2010 and in 

spring of 2012.

6. Model results

6.1. Model validation

Model estimates of snow accumulation and melt reflected observed values relatively well (Fig. 4). 

Model RMSE ranged from 6 to 15 cm in control plots, 3–30 cm in heated plots, and 6–12 cm at the 

NM site. SNOWPACK tended to underestimate peak depth by between 23 and 4 cm, except in the 

2012 control case where peak snow depth was overestimated by 7 cm. Model errors showed 

little temporal variation for control simulations in 2010 and 2011 whereas in 2012 model over-

estimates of snow depth were more pronounced in spring (Fig. 4). Heated simulations tracked snow 

accumulation quite well in all years but snow depth was under-estimated in spring of 2011. NM 

simulations matched observations relatively well in all years/time periods with slight low biases in 

spring snow depth in 2011 and 2012.

Comparison of observed and modeled bulk snowpack properties such as snow temperature and 

snow density show relatively good agreement during the mid-winter period (mid-January 2010). 

Modeled snow temperature fell within ∼1 °C of observations, though snow density was 

underestimated by 9–30% (Fig. 7). During the snowmelt season, both observed and modeled snow 

temperatures were 0 °C in the isothermal snowpack. The model underestimated snow density by 

between 4 and 25% in the bottom 100 cm, and by up to 60% in the top 40 cm of the snowpack.
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Fig. 7. Modeled and observed snowpack temperature and density profiles for 1/13/2010 (a and b) and 5/18/2011 (c and 
d). Observations were taken adjacent to the Colorado study plots near the Niwot Ridge C-1 climate station.

6.2. Modeled snowpack conditions

Relative to control simulations, modeled snow depth at peak accumulation was 39% lower in heated 

simulations, 25% lower in synthetic simulations, and 31% lower in NM simulations. Modeled snow 

disappearance occurred 15–37 days earlier in heated plots, 2–51 days earlier in synthetic cases, and 

30–82 days earlier in NM compared to control plots (Fig. 4). Consistent with observations, the heated 

snowpack in 2010 does not resemble any other cases, reflecting the ephemeral snowpack observed 

that year due to the higher heater output (Fig. 4).

Differences in modeled SWE between control and heated simulations were quite variable for the three

years (Fig. 8). Similar to snow depth simulations, 2010 SWE simulations in heated plots exhibited 

significant intermittency with SWE values never exceeding 5 cm. Conversely, peak SWE in the control

plots exceeded 30 cm. Synthetic and NM simulations exhibited remarkable similarities in terms of the 

timing and magnitude of peak SWE (i.e. 23 and 24 cm, respectively); 29% lower than control peak 

SWE. In 2011, peak SWE in the heated and synthetic simulations were 43% lower than control SWE. 

Differences between control and heated SWE were relatively small (<3 cm) during the accumulation 

period but were quite large during the snowmelt period (>10 cm). Peak SWE for the NM simulation 

was 74% lower than the control simulation; likely a result of the lower precipitation in 2011 at the NM 
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site. In 2012, peak SWE for the heated simulation was 24% lower than the control simulation. SWE 

differences between control and heated simulations were slightly greater during the snowmelt period 

but, in general, were relatively consistent throughout the year when compared to the SWE differences

simulated in 2011. Synthetic SWE simulations tracked the control simulations throughout the 

accumulation season and had a peak SWE value only 1 cm less than control simulations. During the 

snowmelt period, synthetic simulations began to deviate from control simulations more dramatically 

with snow disappearance occurring 12 days earlier. The NM simulation closely tracked the heated 

simulation but had greater early season snowfall. It is important to note that these simulations have 

inherent uncertainties and therefore modeled SWE differences deviate from the observed snow depth

differences shown in Fig. 4, Fig. 5.
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Fig. 8. Modeled SWE for control, heated, New Mexico, and synthetic warming scenarios for water years 2010–2012.

Pronounced differences in the vertical-mean snow grain size were simulated under the different 

scenarios (Fig. 9). In 2010, the intermittent nature of the heated simulation is evident in the grain size 

estimates whereby grain size increases throughout each melt event until snow disappeared (Fig. 9-

top; vertical red lines). Conversely, control simulations show large grain sizes in fall; a condition that is

typical in cold continental climates where large facetted crystals are common due to large vapor 

gradients within the snowpack. Control grain sizes show modest increases throughout the winter 

followed by more pronounced grain size increases during the snowmelt period. Synthetic simulations 

show similar grain size behavior as control simulations with greater grain growth rates during the 

snowmelt period owing to the greater simulated energy inputs to the snowpack. NM simulations show

a general pattern similar to control and synthetic simulations with more variability throughout the 

winter. This likely resulted from the warmer winter temperatures and shallower snow depths at the NM

site; with shallower snow depths the mean vertical grain size is more sensitive to new snowfall 

events. In 2011, snow grain size for control and heated simulations exhibited more similarity in 

general behavior due to the lower heater output versus 2010. Relatively large grain diameters 
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(∼2 mm) were simulated in fall for both heated and control simulations. During the winter period grain

size was approximately 10% smaller for the heated simulation, likely due to a decreased temperature 

and vapor gradient in the snowpack and reduced faceted crystal growth. The earlier onset of 

snowmelt in the heated simulation is evident with greater grain growth rates in heated versus control 

simulations during the spring transition. Synthetic grain sizes exhibited similar behavior as the control 

simulations during the winter period but during spring, the rates of grain growth were more similar to 

the heated simulation. NM grain sizes in 2011 exhibited unique behavior relative to the other 

scenarios because snow accumulation did not begin until winter. Grain size increased throughout the 

winter period up until the time of initial snow disappearance in early spring; intermittent snow 

accumulation and melt events can be seen during the spring period (vertical black lines). In 2012, 

heated simulation grain size was notably larger than the control simulation in fall. During the winter 

period all grain sizes were quite similar and in spring the heated simulation exhibited an earlier spring 

transition and associated earlier increases in grain size. The synthetic simulation grain size estimates 

largely tracked the control simulation and the NM simulation grain size values exhibited gradual 

increases throughout the simulation period which is consistent with the gradual increase in snow 

depth (Fig. 4).

Download high-res image     (464KB)

https://ars.els-cdn.com/content/image/1-s2.0-S0168192314003256-gr9_lrg.jpg
https://www.sciencedirect.com/science/article/pii/S0168192314003256?via%3Dihub#fig0020
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/crystal-growth


Download full-size image

Fig. 9. Modeled vertically averaged snow grain size for control, heated, New Mexico, and synthetic warming scenarios for 
water years 2010–2012. (For interpretation of the references to color in text near the reference citation, the reader is 
referred to the web version of this article.)

Time series of vertical-mean modeled snow temperatures are shown in Fig. 10. Comparisons 

between control and heated simulations are not particularly instructive in 2010 due to the intermittent 

nature of the snowpack in the heated simulation. In 2011 and 2012, a notable increase in snow 

temperature was simulated in heated plots relative to control plots with pronounced differences 

simulated during late winter and spring. During the winter period, NM and synthetic simulations had 

warmer snow temperatures than the heated simulations for both years but differences decreased in 

late winter/early spring. These snow temperature estimates are largely consistent with the grain size 

values shown in Fig. 9 in that colder snow temperatures are associated with larger grain sizes in fall 

(i.e. associated with facetted crystal growth) whereas warmer temperatures are associated with larger

grain sizes in spring (associated with enhanced sintering and wet snow metamorphism). A detailed 

description of the physics linking snow temperature and snow grain size is beyond the scope of this 

paper and hence the reader is referred to McClung and Schaerer (2006).
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Fig. 10. Modeled vertically averaged snow temperature for control, heated, New Mexico, and synthetic warming 
scenarios for water years 2010–2012.

6.3. Energy fluxes

The partitioning of individual components of the net radiative flux, net shortwave radiation (SW) and 

net longwave radiation (LW), differed between the control case and the warmer cases (Fig. 11). Net 

SW radiation was always an energy source to the snowpack while net LW radiation was usually 

an energy loss from the snowpack or zero (except the heated 2010 case). During the accumulation 

season net shortwave radiation was, on average, 86% greater in heated versus control simulations. 

Differences in net shortwave radiation in heated versus control simulations were variable, with an 

increase of 175% in 2011 versus a decrease of 3% in 2012; note 2010 values are not included in the 

average because a distinct snow accumulation period is not decipherable because of the intermittent 

snowpack. Accumulation season net longwave radiation increased by 39% on average in heated 

versus control plots with increases ranging from 40% in 2011 to 38% in 2012.
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Fig. 11. Hourly average sensible, latent, net longwave radiation, and net shortwave radiation fluxes during the 
accumulation (left panels) and melt periods (right panels) modeled using SNOWPACK for the 2010–2012 snow seasons 
(top to bottom, respectively).

During the snowmelt period, net shortwave radiation in heated versus control simulations were 288% 

greater in 2011 and 9% lower in 2012. The differential net shortwave response to heating may be due

to several factors which are revisited in Section 7. Net longwave radiation in heated versus control 

simulations were 11 times lower in 2011 and 78% greater in 2012. These large percentage 
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differences should be viewed with caution as the magnitude of these fluxes are relatively small (Fig. 

11); average net longwave radiation in heated versus control simulations in 2011 were −7.9 w m−2 and

0.72 w m−2.

In general during both accumulation and melt seasons, a higher proportion of the total energy (sum of

the absolute value of the fluxes) was partitioned into latent heat versus sensible heat in heated and 

NM simulations. During the accumulation season on average, modeled latent (Qe) and sensible heat 

fluxes (Qh) in control plots accounted for 7 and 15% of total energy exchange, respectively, while for 

synthetic simulations these fluxes accounted for 6 and 15% of total energy exchange on average, 

respectively (Fig. 11, Table 2). Conversely, energy partitioning for heated simulations was skewed 

toward Qe versus Qh, accounting for 18 and 10% of total energy exchange, respectively. Qh was an 

energy source to the snowpack (positive) for all simulations except the 2010 heated case, a possible 

artifact of the heaters. This switch in energy partitioning toward more Qe under warmer conditions is 

corroborated by the NM simulations where Qe accounted for a greater percentage of total energy 

exchange than Qh (26% versus 16%, respectively). Bowen (β) ratio (i.e. Qh/Qe) values indicate greater 

partitioning of available energy to Qe rather than Qh in heated and NM cases compared to control and 

synthetic cases (average β values of 0.32 and 0.69 versus 1.68 and 2.45, respectively).

Table 2. Modeled sublimation and evaporation rates, modeled latent and sensible heat fluxes as proportions of 

total energy exchange during accumulation and melt periods.

Accumulation Melt

Control Heated Synthetic NM Control Heated Synthetic NM

Mass loss (mm d−1)

 2010 −0.14 −0.61 −0.13 −0.45 −0.14 −0.72 −0.20 −1.11

 2011 −0.11 −0.29 −0.12 −0.56 −0.45 −0.53 −0.49 −0.71

 2012 −0.08 −0.20 −0.09 −0.40 −0.26 −0.53 −0.22 −0.80

Latent heat (%)

 2010 6.9 23.5 6.3 20.2 2.8 26.7 5.5 18.8

 2011 10.8 18.5 6.2 30.5 6.8 9.1 10.6 19.6

 2012 3.8 13.2 4.5 27.5 6.5 18.3 5.6 22.3

Sensible heat (%)

 2010 11.3 14.0 15.0 24.4 6.9 36.6 6.5 22.8

 2011 19.8 6.9 13.7 13.1 32.5 4.6 3.7 4.8

 2012 15.4 9.6 14.7 11.8 8.1 7.2 9.7 21.5

Energy exchange during the snowmelt season for the control simulations was partitioned more 

into Qh (16% of total energy exchange) versus Qe (5%) on average (Fig. 11, Table 2). For synthetic 

simulations, melt-season Qeaccounted for 8% of energy exchange on average, and Qh accounted for 

7% on average. For heated simulations, melt-season Qe accounted for 18% of energy exchange on 
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average, and Qh accounted for 16% on average. NM simulations exhibited the greatest proportion and

magnitude of melt-season Qe; 3–9 times greater than the control simulation magnitude. The heated 

simulations showed a Qe flux that was 2–5 times greater than control (Fig. 11). Calculated β values 

during the snowmelt season further reveal the increased partitioning of available energy into Qe in 

heated, NM, and synthetic simulations compared to the control simulations (i.e. average β values of 

0.89, 1.06, and 0.88 versus 3.25, respectively).

6.4. Sublimation

Averaged for all years, heated and NM simulations show the greatest sublimation rates during mid-

winter (0.20–0.61 mm d−1), while control and synthetic simulations had lower sublimation rates (0.08–

0.14 mm d−1) (Table 2). Vapor loss rates during snowmelt were also greatest for NM and heated 

simulations (0.53–1.11 mm d−1), with NM rates 48% greater than heated plots on average. Sublimation

rates were lower for control and synthetic simulations and ranged from 0.14 to 0.49 mm d−1 during the 

snowmelt period; on average 57% lower than average heated and NM sublimation rates.

As a percentage of total precipitation, sublimation amounts varied considerably for the different model

scenarios. In 2010, the high heater output resulted in 100% of precipitation being partitioned to 

sublimation. Conversely, the control simulation in 2010 partitioned 11% of precipitation to sublimation.

In 2011, sublimation percentages for control versus heated plots were more realistic at 7 and 14%, 

respectively and in 2012 they were 10 and 25%, respectively. The increased sublimation in the 

heated plots in 2011 and 2012 seem reasonable when compared against NM simulations (40 and 

23%, respectively) but were larger than the synthetic simulations (3 and 6%, respectively).

7. Discussion

A consistent difference between the heated and control plots in CO and between NM and CO sites 

was the overall decrease in snow depth and SWE under warmer conditions. Previous studies have 

predicted SWE reductions of 35–60% in the coming decades (Adam et al., 2009, Beniston et al., 

2003, Lapp et al., 2005, Lopez-Moreno et al., 2008), which are consistent with results from this study:

average snow depth decrease of 56% in heated versus control plots. Previous works have observed 

a shift toward earlier snowmelt timing by 2–3 weeks (Clow, 2010, Hamlet et al., 2007) and melt is 

estimated to continue shifting earlier by 1–2 months in the future (Adam et al., 2009, Rauscher et al., 

2008, Stewart et al., 2004). The predicted earlier snowmelt in these studies is comparable to the 

difference between control and heated snowpack melt timing; between zero and 5 weeks earlier snow

disappearance. While the heated simulation results for 2010 are certainly outside the bounds of 

expectations, the results for 2011 and 2012 are consistent with previous works in similar climates 

(Molotch et al., 2007, Schulz and de Jong, 2004, Essery et al., 2003). Hence, as intended, the IR 

heaters generally produced changes to snow accumulation and melt timing consistent with 

expectations and previous model scenarios of climate warming.

Soil microclimate dynamics in snowmelt-dominated ecosystems are largely governed by snow depth 

and snowmelt timing (Filippa et al., 2009, Harte et al., 1995, Walker et al., 1999). Considering the soil 
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temperature differences in the CO control plots compared to the naturally (NM) and experimentally 

(CO heated) warmer plots, the prediction of “colder soils in a warmer world” by Groffman et al. 

(2001) is contradicted by our results. Conversely, average soil temperature in NM before snowmelt 

onset was lower than both CO heated and control soil temperatures, suggesting that the heating 

experiment may not provide realistic projections of winter soil temperature beneath the snowpack. 

Given that IR heating experiments have the explicit goal of increasing soil temperature by a 

predetermined amount, they may not replicate hydrological and biogeochemical responses to 

warming. The New Mexico comparison illustrates that soils are colder in locations with shallower 

snow despite warmer air temperatures. As a result, the potential for soil freezing and reduced 

infiltration rates may be considerable. The colder soils would also reduce microbial activity during the 

winter season and therefore decrease soil respiration (Monson et al., 2006). These processes would 

not be replicated using IR heaters given the method of energy application to the surface.

Trends in soil moisture, evapotranspiration (ET), and runoff in snowmelt-dominated basins of the 

western US are highly correlated to shifts in snowmelt timing (Hamlet et al., 2007) with model 

predictions (Vicuna et al., 2011) and observations (Molotch et al., 2009) suggesting that earlier 

snowmelt leads to enhanced water losses via ET. Our results show snow disappearance in heated 

plots 1–4 weeks earlier than control plots. These results are significant in that earlier snowmelt 

increases soil moisture in early spring but may result in reduced soil moisture in late spring/summer. 

While these changes are somewhat intuitive, the increased soil moisture observed here is counter to 

previous IR heating experiments in rain-dominated climates (Wu et al., 2011). The differential 

response of soil moisture to warming in the presence of snow occurs because water inputs to the 

system are dependent on energy available for snowmelt. As a result, increased energy inputs result in

snowmelt and associated increases in soil moisture. Conversely, in rain-dominated systems, 

increases in energy availability at the surface drives greater evaporation and associated decreases in

soil moisture. Given that photosynthetically active radiation is relatively high in summer, the shift in 

the timing of soil water availability may result in a decrease in ET and reduced vegetation productivity 

(Barnett et al., 2005, Ohmura and Wild, 2002).

Changes in sublimation losses associated with climate warming may have important hydrologic 

impacts. In this regard, it is necessary to consider how available energy is partitioned between 

sensible and latent heat fluxes. Relative to the control simulations, heated and NM SNOWPACK 

simulations consistently estimated greater proportions of energy associated with latent heat flux 

(Table 2), which is consistent with results from Molotch et al. (2009). This increased latent heat flux in 

heated plots resulted in a 230% and 112% increase in sublimation rates versus control plots during 

the accumulation and melt periods, respectively. The direction of these changes were consistent with 

model results from the NM site and from previous works (Molotch et al., 2009) indicating that water 

availability may be reduced significantly in warmer conditions. Interestingly, this same effect was not 

seen as strongly in the synthetic simulation, raising a question as to whether NM is a sufficient analog

for a warmer CO when considering turbulent fluxes.
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While using IR heaters in snow-dominated systems have limitations, alternative experimental 

warming techniques have their own advantages and drawbacks. Open top chamber experiments are 

an attractive alternative in mountainous settings as they do not require electricity but these 

techniques significantly alter snowpack structure as the chambers effectively fill with snow in high 

wind environments (Bokhorst et al., 2013). Manipulation of snow surface albedo through the addition 

of light absorbing impurities (e.g. Blankinship et al., 2014) represents an alternative approach but this 

technique does not alter surface energy fluxes once snow has disappeared; i.e. the technique is only 

useful for snow manipulation. This technique is also of limited utility in densely forested environments 

where sub-canopy solar irradiance is low relative to alpine settings. Mechanical removal or addition of

snow (e.g. Cornelius et al., 2013) represents another alternative but this technique is highly 

destructive to the snowpack stratigraphy and therefore fluxes of energy and water vapor within the 

snowpack will become unrealistic. The IR heater technique is quite attractive from the standpoint of 

preserving snow microstructure and evaluating the response of snow properties to changes in the 

surface energy balance. As non-destructive snow measurement techniques develop (e.g. Marshall 

and Koh, 2008, Berisford et al., 2013), future works will be able to directly observe the impacts of IR 

heating on snow microstructure. Notwithstanding, IR heaters also have drawbacks with regard to 

snow microstructure and snow–atmosphere energy exchange. IR heaters may induce changes in 

turbulent fluxes which are unrealistic in magnitude and opposite in sign. For example, the heaters 

may raise the snow surface temperature to 0 °C when the air temperature remains well below 0 °C. 

As a result, the temperature gradient between the snow and overlying atmosphere can reverse sign 

and/or increase in magnitude relative to control conditions. This scenario is observed in Fig. 11 where

the 2010 heated case is the only simulation with a negative sensible heat flux while the control 

simulation has a positive sensible heat flux with a smaller magnitude.

IR heaters may also induce unexpected changes to net shortwave radiation, as heaters effect the 

snow-surface grain size and therefore the snow albedo. These changes can have differential impacts 

on net shortwave radiation depending on the timing of snowmelt. In this context, modeled differential 

net shortwave responses to heating between 2011 and 2012 may have resulted from differences in 

the timing of modeled snowmelt and associated differences in solar zenith angles. For example, snow

disappearance in heated plots occurred over 70 days later in 2011 versus 2012 and therefore melt 

simulations in heated plots in 2011 occurred when solar elevations and solar irradiance were greater. 

The timing of snowfall events can complicate these effects as differences in snow surface grain size 

between control and heated plots may be more significant after snowfall events; i.e. because heaters 

cause increased grain growth rates. Hence, if snowfall events occur in spring, when inter-storm solar 

zenith angles are relatively low, heated plots may have disproportionately greater net solar radiation 

versus control plots. This may have occurred in 2011, as late spring snowfall events were more 

common than 2012 (Fig. 4, Fig. 8). Given albedo measurements were not taken over heated plots, 

we cannot accurately quantify the magnitude of these effects; deployment of albedometers over 

heated and control plots is recommended for future research.
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Considering the NM site as an approximate benchmark for future winter climate at the CO site, the 

2010 heater level of 50% maximum power was too high to produce a realistic future snowpack 

projection. Conversely, the mid-winter heater output in 2011 of 10% maximum power was too low. 

Heater settings in 2012 (10–40% of maximum power) resulted in a similar snowpack to that of NM, 

and thus a heater setting of 10–20% mid-winter and 40% during the spring melt season (or 42–85 

and 171 W m2) seems to produce a realistic snowpack manipulation for a targeted warming of ∼4 °C. 

A second design consideration for IR heaters and snow-climate manipulation experiments is that the 

snow persisted longer in the center of the heated plots (Fig. 2b) creating 

an annulus snow ablation pattern and resulting in manual versus digital measurement discrepancies. 

Consideration of the annulus in the context of the results presented here is difficult to do in a 

quantitative manner as we did not have manual measurements of snow depth within the plots. 

Making such measurements would disturb the soils within the plots and could potentially compromise 

ecological experiments within the plots by limiting seedling survival. As such, one can only take the 

snow depth observations here as the upper bound of snow depth within the heated plots. Hence, the 

heated simulation under-estimates in snow depth during spring of 2011 may be exaggerated as 

presented in Fig. 4. Despite Kimball et al. (2008) optimized IR heater array design, different 

considerations may need to be taken for future IR experiments involving snow. For instance, a 

smaller plot diameter or maintaining heater elevation at 1.2 m above the snow surface may be more 

suitable to produce spatially uniform heating of snow with IR heaters. In addition, more advanced 

methods of snow depth monitoring within the plots could be employed; for example, using terrestrial 

laser scanning (Prokop, 2008).

It is important to note that using SWE observations, rather than snow depth observations, would be a 

more robust method for comparing the snow conditions under the different scenarios. Comparisons 

with observed SWE were not possible because SWE was not observed continuously at the sites. In 

addition, SWE measurements were not possible inside the heated plots because SWE is a 

destructive measurement and the snow must remain pristine inside the plots. Using snow depth as a 

proxy for SWE may be problematic as it is not possible to decipher snow densification and 

sublimation losses from snowmelt when observing the snow depth time series. Earlier works have 

documented differential rates of densification (Musselman et al., 2008) and sublimation (Gustafson et 

al., 2010) over small spatial scales (<5 m) in forested environments and therefore relationships 

between depth and SWE are highly variable which limits the utility of snow depth as a proxy for SWE.

Notwithstanding, if we focus on the control simulations with respect to gaining confidence in the 

model, it is apparent that the model tends to represent the upper end of observed snow depth 

observations (Fig. 4). Snow density observations near control plots indicate that the model tended to 

underestimate snow density. Hence, errors in modeled SWE are likely lower than the errors in snow 

depth shown in Fig. 4; i.e. because SWE represents the product of depth (slightly over-estimated) 

and density (i.e. slightly under-estimated).
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The model biases shown in Fig. 4 may be a result of uncertainty in model structure and/or model 

forcings. With regard to model structure, several studies using SNOWPACK have documented a 

systematic overestimation of SWE and underestimation of melt rates (Bartelt and Lehning, 2002), 

underestimation of snowpack settling (Lundy et al., 2001), and greater error tendency as a snow 

cover becomes isothermal at 0 °C (Lundy et al., 2001, Rasmus et al., 2004, Yamaguchi et al., 2004). 

With regard to forcings, the SNOWPACK canopy module treats the forest canopy as a single large 

leaf with input parameters of canopy height, leaf-area index (LAI), and direct throughfall fraction, and 

incoming radiation is attenuated using a Beer–Lambert Law approximation (Musselman et al., 2012). 

However, the Beer–Lambert law application has been shown to be insufficient for resolving sub-

canopy irradiance for sub-daily timescales (Reifsnyder et al., 1971), and therefore model biases 

presented here may have resulted from inadequate treatment of forest radiative transfer.

With regard to precipitation forcing, the observed over-catch at our measurement site is a bit 

perplexing as many previous works have noted a tendency for precipitation under-catch in locations 

where snowfall is the dominant form of precipitation. Precipitation over-catch has been documented in

the literature as a result of blowing snow (Li and Pomeroy, 1997, Struzer, 1971, UNESCO, 

1978, Benning and Yang, 2005, Williams et al., 1998a, Williams et al., 1998b, Yang et al., 2000, Yang 

and Ohata, 2001) and unloading of canopy intercepted snow (Clagett, 1988). With regard to 

unloading of intercepted snow, Clagett (1988) hypothesized that precipitation reference sites in small 

forest clearings over-catch blowing and unloading snow from nearby canopies. In addition, small 

clearings in forests can over-catch precipitation due to changes in the turbulent regimes created by 

the clearings. Golding and Swanson (1978) observed approximately 36% greater snow accumulation 

in forest clearings that were roughly equivalent in size to the canopy height. Less than half of the 

increased precipitation could be attributed to the absence of interception by the tree canopy, 

suggesting that changes in turbulence over the forest canopy led to increased deposition in the 

clearing. While we cannot determine the exact cause of the precipitation over-catch at our site, the 

proximity of the canopy to the precipitation gauge (i.e. ∼10 m), the size of the gap dimension (i.e. on 

the order of the tree height), and the relatively high above-canopy wind speeds, likely creates 

conditions favorable for gauge over-catch.

8. Conclusions

Relative to control plots, heated plots experienced 30% lower observed snow depth, an estimated 

51% less modeled SWE, and 2 weeks earlier snow disappearance. These results were generally 

consistent with the naturally warmer New Mexico site, which had 23% lower observed snow depth, 

42% less modeled SWE, and 3 weeks earlier snow disappearance. Relative to control simulations, 

heated and New Mexico simulations exhibited larger snow grain sizes and greater snow temperature.

Both the heated and NM simulations indicate changes to energy partitioning associated with warmer 

climatic conditions. Greater latent heat fluxes and sublimation water losses during both accumulation 

and melt seasons were simulated with Qeaccounting for 6% of energy exchange for control 

simulations and 21% in the NM and synthetic simulations. Average sublimation rates for control 
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simulations were 59% and 71% lower than in heated and NM simulations, respectively. These 

observed and modeled differences in snowpack, soil dynamics, and energy exchange may have 

dramatic hydrological and ecological consequences; both within IR warming plots and broadly across 

the landscape. The work presented herein illustrates that snowpack accumulation 

and snowmelt response to IR heaters generally falls within realistic bounds. Alterations to snowpack-

atmosphere energy exchange and associated sublimation may result in unintended manipulation of 

the soil water budget. IR heaters represent a viable option for climate manipulation in snow covered 

ecosystems but extreme care must be taken regarding the level of heater output, heater distance 

from the snow surface, and augmentation of the soil water budget due to sublimation losses.
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