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Abstract Estimating net radiation on the forest floor is crucial for predicting snowmelt recharge and for
quantifying water yield from snow-dominated forested watersheds. However, complex characteristics of
radiation transfer in discontinuous forest gaps make this estimation challenging. This study quantifies net
radiation within a forest gap for a range of gap sizes, slopes and aspects, and meteorological conditions. The
spatial distribution of net radiation in the gap is found to be heterogeneous with southern and northern areas
of the gap receiving minimum and maximum energy amounts, respectively. At a midlatitude site and for
completely clear sky conditions in the snow season, results suggest that net radiation in the forest gap is
minimum for gaps of size equal to half of the surrounding tree height. In contrast, when sky cloudiness in
the snow season is considered, net radiation shows a monotonically increasing trend with gap size. Slope
and aspect of forest gap floor also impact the net radiation and its variation with gap size. Net radiation is
largest and smallest on steep south-facing and north-facing slopes, respectively. Variation of net radiation
with slope and aspect is largest for larger gaps. Results also suggest that net radiation in north-facing
forest gaps is larger than in open areas for a longer duration in the snow season than in forest gaps on flat
and south-facing slopes. Since net radiation directly affects melt recharge and evaporation, these findings
have implications on forest and water management, wildfire hazard, and forest health.

1. Introduction

More than 45% of western US water supply originates in snow-fed forested uplands [Brown et al., 2008;
DeWalle and Rango, 2008]. As such, accurately quantifying the magnitude and timing of melt recharge
from these forested watersheds is crucial for sustainable management of water supply resources. This is
however challenging due to the heterogeneity in the distribution of forest patches and gaps, which mediates
snow accumulation, interception, snow-atmosphere energy exchange, and ablation rates very differently
than both open areas and homogenously dense forested stands. For example, observations in a lodgepole
pine (Pinus contorta) forest (~41°N) showed that although snow accumulation in small forest openings is
larger than uniform forests, the melt rate in forest gaps is about two times greater than uniform forests
[Gary, 1974]. Subsequent studies demonstrated that the snowmelt rate in gaps, relative to dense forest,
is variable and a function of gap dimensions, with melt rates being the smallest for relatively small gaps
(D/H≈ 0.75 to 1) and large for larger gaps (D/H≈ 5 to 6) [Golding and Swanson, 1978], where H is the height of
surrounding trees and D is the gap diameter. A study in a midlatitude lodgepole pine forest (~52°N) reported
the smallest ablation rates, relative to both dense forests and open areas, for forest gaps with dimensions
similar to surrounding tree heights [Berry and Rothwell, 1992]. Measurements of snow ablation during
midspring in conifer forests in Alberta, Canada, (~50°N) also showed very low snowmelt rates for small forest
gaps (D/H≈ 1) and higher rates for very large gaps (D/H≈ 40) [Bernier and Swanson, 1993]. This paper strictly
focuses on evaluating the net radiation regime in snow-covered forest gaps, which is one of the primary
controls on snow disappearance timing in forest gaps.

While extensive research has been done on quantifying radiation regimes underneath a quasi-homogeneous
forest with uniformly distributed trees in snow-dominated settings [e.g., Ellis et al., 2013; Essery et al.,
2008b; Hardy et al., 2004; Link and Marks, 1999; Seyednasrollah et al., 2013; Seyednasrollah and Kumar,
2013; Varhola et al., 2010], studies regarding the estimation of radiation components in snow-covered,
discontinuous forest gaps are scarce [e.g., Pomeroy et al., 2008; Lawler and Link, 2011]. A majority of work
pertaining to the evaluation of radiation in discontinuous forest gaps has been limited to estimating
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incoming shortwave radiation and photosynthetic active radiation underneath the canopy [de Chantal et al.,
2003; Huemmrich, 2001; Nilson, 1971; Song and Band, 2004]. However, snowmelt in forest gaps is not only
influenced by incoming direct shortwave radiation component but also by the diffuse and reflected
(from snow) shortwave radiation (0.28–3.5μm) and longwave radiation (3.5–100μm) from the surrounding
atmosphere and canopy, and the emitted radiation from snow surface. The shortwave and longwave
radiation components also may vary from one forest gap to the next, depending on the gap size [Lawler
and Link, 2011], height, and transmissivity of the surrounding trees [Liang and Strahler, 1994] which in turn
may be influenced by snow interception [Hedstrom and Pomeroy, 1998], site topographic characteristics
(slope and aspect) [Ellis and Pomeroy, 2007], and environmental parameters [Berry and Rothwell, 1992; Susong
et al., 1999].

This paper quantifies spatiotemporal distribution of net radiation reaching the snow-covered forest gap
floor (NRSG) through development and implementation of a gap radiation model (GaRM). In many ways, this
work builds on the study by Lawler and Link [2011], wherein all incoming radiation components were
estimated along a diametrical linear transect of a level forest gap floor, under clear sky conditions. Here
we use GaRM to estimate net radiation at fine temporal and spatial resolutions on the entire forest gap floor,
for a range of slopes, aspects, and gap sizes, while considering site specific characteristics such as sky
cloudiness, air temperature, humidity, and atmospheric transmittance. The model is then used to answer
the following three questions: (i) How does gap size influence net radiation reaching the forest gap floor?
(ii) What is the role of slope and aspect on the variability of net radiation with gap size? and (iii) Are forest gaps
always “darker” than open areas?

2. GaRM: A Forest Gap Radiation Model

GaRM simulates spatially distributed radiation in circular clearings that are surrounded by a homogeneous
dense forest. The model accounts for modification of radiation on the forest gap floor due to topographic
characteristics such as slope and aspect, and for forest characteristics including canopy height and
density and gap size. Net radiation (RNet in Wm�2) on the forest gap floor is modeled as the sum of net
shortwave (SNet in Wm�2) and net longwave (LNet in Wm�2) radiation components [Hardy et al., 1997;
Pomeroy et al., 2009; Sicart et al., 2006]:

RNet ¼ SNet þ LNet (1)

Net shortwave radiation flux on the snow surface consists of three components: incoming direct beam,
↓ Sdir (Wm�2), diffuse component, ↓ Sdif (Wm�2), and outgoing shortwave radiation (↑ Ssnow) from snow
(Wm� 2). The three shortwave components are evaluated using equations (2)–(4):

↓ Sdir ¼ Sdir; open cosθ e�μL (2)

↓ Sdif ¼ SVF Stoa τd cosψ cos2 β=2ð Þ (3)

↑ Ssnow ¼ α ↓ Sdif þ α ↓ Sdir (4)

where Stoa is the top-of-atmosphere solar radiation and Sdir,open is the direct shortwave radiation for open sky
(Wm�2) which depends on time and site latitude [Kalogirou, 2009; Kumar et al., 1997], θ is the solar incidence
angle (the angle between the Sun and normal to the surface), ψ is solar zenith angle, μ is bulk canopy extinction
coefficient (m� 1), L is the length of the solar beam passing through the canopy (m), β is the slope, τd is the
atmospheric diffusion factor, SVF is the sky view factor, and α is the snow albedo (dimensionless). Open sky direct
solar radiation, Sdir, open in equation (2), is calculated using the following [Kreith and Kreider, 2011]:

Sdir;open ¼ Stoa τb (5)

where τb is the atmospheric transmittance for beam radiation. For clear sky conditions, atmospheric
transmittance is calculated based on altitude and solar zenith angle using Hottel [1976]. Top-of-atmosphere
solar radiation, Stoa in equation (5) and its variation with location and time is evaluated based on Kalogirou
[2009]. Using direct and diffuse shortwave radiation data of clear sky days at the National Renewable
Energy Laboratory site [NREL, 2014] in Moscow, ID, a linear regression equation (6) is derived to obtain τd
from τb following the methodology presented in Wong and Chow [2001]:

τd ¼ 0:328� 0:326 τb (6)
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For cloudy sky conditions, τd and τb are directly extracted from NREL data by comparing diffuse and direct
beam radiation with top-of-atmosphere radiation. Taking into account the infinitely many reflections of
shortwave radiation between the snow surface on the floor and canopy [Bohren and Thorud, 1973], net
shortwave radiation (SNet) is calculated as

SNet ¼
↓ Sdir 1� αð Þ

1� ααc 1� SVFð Þ þ
↓ Sdif 1� αð Þ

1� ααc 1� SVFð Þ (7)

where αc is the canopy albedo. Estimating net longwave radiation on the snow covered forest gap floor,
on the other hand, consists of adding together incoming longwave radiation from canopy, ↓ Lcan, and
sky, ↓ Lsky, and outgoing longwave radiation from snow, ↑ Lsnow. The three longwave components are
evaluated using equations (8)–(10) [Essery et al., 2008a; Gryning et al., 2001; Male and Granger, 1981; Marks
and Dozier, 1979; Pluss and Ohmura, 1997; Pomeroy et al., 2009; Sicart et al., 2006; Todhunter et al., 1992]:

↓ Lsky ¼ SVF σεskyTair4 (8)

↓ Lcan ¼ 1� SVFð ÞσεcanTcan4 (9)

↑ Lsnow ¼ σεsnowTsnow4 (10)

where σ is Stefan-Boltzmann constant (σ = 5.67 × 10� 8 W m� 2 K� 4), εsky is sky emissivity, Tair is air
temperature (K), εcan is the canopy emissivity for both crown and trunk, εsnow is snow emissivity
(dimensionless), and Tsnow and Tcan are snow and canopy temperatures (K), respectively. Sky and
snow temperatures are assumed to be uniformly distributed across the forest gap floor. Snow surface
emissivity is considered to be equal to 1.0 [Male and Granger, 1981], as such no reflection of the longwave
components from the snow surface is considered. In the analysis, snow temperature is set to dew
point temperature (Tdp) when Tdp< 0°C and to zero otherwise [Andreas, 1986].

All aforementioned formulae of individual radiation components are substituted in equation (1), to evaluate
RNet on the forest gap floor at any instant in time. The spatiotemporal seasonal average net radiation,
defined as net snowcover radiation on the gap floor hNRSGi (Wm�2), is henceforth calculated using

NRSGh i ¼ ∫
t2

t1∫
2π

0 ∫
D=2

0 RNet dr dω dt

t2� t1ð ÞπD2=4
(11)

where D is gap diameter and (ω, r) is the polar coordinate of a grid within the gap. The radiation calculation is
performed between t1 and t2 in each control volume. Unless specified otherwise, the simulation period
considered here ranges from the winter to summer solstices as it conservatively subsumes the entire
duration of the snow season for many coniferous forests in mountain environments. It is assumed that
snow exists on the forest gap floor for the entire snow season.

It is to be noted that in equations (1)–(11), the variables that change markedly with gap size include sky
view factor (SVF), path length (L), and canopy temperature (Tcan). Sky view factor affects longwave radiation
from canopy and sky and diffuse shortwave radiation from sky. Path length, on the other hand, influences
both the spatial and temporal distribution of the direct shortwave radiation. Longwave radiation from
canopy is affected by canopy temperature. This indicates that ↓ Lsky, ↓ Lcan, ↓ Sdir, ↓ Sdif , and ↑ Ssnow are
expected to change with gap size. The following subsections detail evaluation of the three sensitive variables
and application and evaluation of the model against observed data.

2.1. Path Length of a Solar Beam Reaching the Forest Gap Floor

Path length, L, is calculated using a ray-tracing method, which involves subtraction of the length along a
solar beam’s path that is in the open space from the total length from the top of the canopy. For an arbitrary
point, P, on the forest gap floor, with T and F being the locations where the solar beam intersects the top of
the canopy and enters the clearing respectively (Figure 1), L is evaluated as

L ¼ TP � FP ¼ H cos δ β; φ’ð Þ
cos δ β;φ’ð Þ þ θð Þ �

BP cos δ β;φ’ð Þ
sin θ

(12)

where TP is the distance along the solar beam from the top of the canopy to the forest gap floor, FP is
the distance in open space, H is tree height, BP is the distance between point P and the base of the
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canopy vertically beneath point F (point B), φ’ is the orientation of BP with respect to the south
(φ’ = tan� 1[cos β tan (ϕ�ϕs)]), ϕ is solar azimuth angle, ϕs is the hillslope orientation with respect to the
south (aspect), and δ(β, φ’) is the directional slope angle (Figure 1). BP and δ(β, φ ’) are obtained using

BP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � r2 sin2 ω� φ’ð Þ

q
� r cos ω� φ’ð Þ (13)

δ β; φ’ð Þ ¼
� sec�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ cos2φ’ tan2β

p� �
for π=2 ≤ φ’ ≤ 3π=2

sec�1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ cos2φ’ tan2β

p� �
otherwise

8><
>: (14)

By substituting equation (13) in equation (12), path length (L) is obtained by

L ¼ H cos δ β;φ’ð Þ
cos δ β;φ’ð Þ þ θð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � r2 sin2 ω� φ’ð Þ

q
� r cos ω� φ’ð Þ

� �
cos δ β; φ’ð Þ

sin θ
(15)

Shading fraction (SF) is defined as

SF ¼ ∫A 1� e�μL
� �

dA

A
(16)

where A is the forest gap floor area and b c denotes the integer part function.

(a)

(c)(b)

Figure 1. Schematic view of a circular forest gap located on a hillslope with slope of β and aspect of φs. L is the path length
of a solar beam reaching the forest floor at point (r, w). R = D/2 is the gap radius, H is the tree height.
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2.2. Sky View Factor

Sky view factor (SVF) is the fraction of hemispherical sky that is viewable from a given point [Matzarakis
and Matuschek, 2011]. A three-dimensional approach is used to estimate SVF for every grid cell (r, ω) on the
forest gap floor using

SVF r;ωð Þ ¼ 1
π2
∫
2π

0
tan�1 l cos δ β; αð Þ

Hþ l sin δ β; αð Þ
	 


dα (17)

where l is the distance from the viewing point to the tree base in the direction of α which is obtained by

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � r2 sin2 ω� αð Þ

q
� r cos ω� αð Þ (18)

The spatially averaged sky view factor of forest gap (GSVF), is defined as

GSVF ¼ 1

πR2
∫
2π

0
∫
R

0
SVF r;ωð Þr dr dω (19)

2.3. Canopy Temperature

During high-insolation conditions, canopy temperature can exceed air temperature by about 1–2 K [Pomeroy
et al., 2009]. As solar radiation is the dominant control on the temperature difference between tree and
air, temperature is expected to be higher for trees that are exposed to the solar radiation in relation to
shaded trees. Here we develop a regression between radiation at the gap edge and difference between Tair
and Tcan. Using observed longwave radiation data at the northernmost edge of the gap for calibration
(see Figure 2d), (Tcan� Tair) is set equal to 2 K per shortwave radiation of 150 Wm�2 at the gap edge. The
variation of Tcan with azimuth is accounted for while estimating ↓ Lcan at any grid cell within the gap.

(a)

(c)

(b)

(d)

Figure 2. Comparison ofmodeled results against observed data at University of Idaho ExperimentalWatershed, nearMoscow,
ID on 18 February 2008: shortwave radiation at (a) southern (R2 = 0.98; Δ = 2%) and (b) northern (R2 = 0.85; Δ = 18%)
edges of the gap and longwave radiation at (c) southern (R2 = 0.93; Δ = 1%) and (d) northern (R2 = 0.97; Δ = 2%) edges
of the gap.
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2.4. Model Application and Evaluation
at the Control Site

Representative values of physical parameters
including εsnow, εcan, and αc are used to calculate
the radiation components. Typical values of snow
albedo and emissivity of canopy, sky and snow are
listed in Table 1. The snow albedo time series is
calculated using a decay model [Sproles et al., 2013;
Strack et al., 2004]:

αt ¼ αt�1 � τnmδt (20)

for nonmelting conditions and

αt ¼ αt�1 � αminð Þ exp τmδtð Þ þ αmin (21)

for melting conditions. αt and αt� 1 are snow albedo (dimensionless) for the next and current time steps,
respectively, αmin is the minimum snow albedo (dimensionless), δt is time step size with respect to a day
(dimensionless) and τnm = 0.008 and τm = 0.024 are the decay rates for nonmelting and melting conditions.
Melting conditions are defined based on whether daily air temperature is above 0°C [Douville et al., 1995].
The maximum snow albedo is set to 0.85 for fresh snowfall (25mm). An intermediate value of αmin = 0.35
(Sproles et al. [2013] suggested αmin of 0.5 for open areas and 0.2 for forested regions) is used for the
minimum snow albedo in the discontinuous forest gap. Snow albedo obtained based on equations (20)
and (21) is adjusted to account for variations in solar incidence angle (θ) using Gardner and Sharp [2010]:

αmod ¼ αþ 0:53 α 1� αð Þ 1� cos θð Þ1:2 (22)

where αmod is themodified snow albedo for direct shortwave radiation. The representative albedo time series
(see Figure S1 in the supporting information) that is eventually used in equation (7) to evaluate SNet is
obtained by averaging 54 years (1960–2014) of albedo series modeled using equations (20)–(22). Canopy
albedo is set to 0.2 [Bohren and Thorud, 1973; Eck and Deering, 1990, 1992]. The emissivity of snow and canopy
are set to 1.0 [Dozier and Warren, 1982; Sicart et al., 2006; Warren, 1982] and 0.98 [Pomeroy et al., 2009],
respectively. Daily clear sky emissivity (εsky, clear), which depends on air temperature, vapor pressure, and
humidity [Marthews et al., 2012], is estimated using [Prata, 1996]:

εsky; clear ¼ 1� 1þ wð Þe�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1:2þ3w

p
(23)

where w is precipitable water in the air (cm) and calculated as w ≅ 465
e0
Tair

� �
, e0 is ambient vapor

pressure (kpa) and Tair is screen level air temperature (K). Cloudy sky emissivity (εsky, cloudy) is obtained
using the Kimball correction method [Kimball et al., 1982], which accounts for cloud elevation and base
temperature. The Kimball correction model has been noted to perform particularly well within North America
[Flerchinger et al., 2009].

The variation of NRSG in relation to forest gap size is calculated in a coniferous forest stand near Moscow,
ID (46.8°N, 116.9°W). The site is located within midlatitude coniferous forests in North America, where there is a
considerable interest in understanding the role of forest heterogeneity on seasonal snow energetics. In this
analysis, we use a representative tree height of 25m for the site and an estimated canopy extinction coefficient
(μ) of 0.3 m� 1. Relevant input data pertaining to air temperature and relative humidity are obtained from the
National Climatic Data Center meteorological station near Moscow, ID [NCDC, 2014]. Cloud cover data are
obtained from the National Renewable Energy Laboratory [NREL, 2014]. The site has long-term air temperature
(1973–2013) and solar radiation (1990–2010) data.

All the radiation components (equation (1)) are calculated on a polar coordinate discretized gridded floor
(180 × 50) within a circular gap of diameter, D. Scenario simulations are performed for D ranging from 0.1H to
20H. The average net radiation is then calculated for the entire gap from 21 December to 20 June using
equation (11) at 10 min intervals.

Simulated incoming shortwave and longwave radiation components obtained from GaRM are validated at
a mixed coniferous forest site in University of Idaho Experimental Forest, near Moscow, Idaho (46°51′16″N,
116°43′24″W, elevation = 884 m). The circular forest gap (D = 60 m) at the site is surrounded by dense

Table 1. Parameters Used in the Gap Radiation Model

Quantity Value

Minimum snow albedo (αmin) 0.35
Maximum snow albedo for fresh snow (αmax) 0.85
Snow free canopy albedo (αc) 0.2
Snow emissivity (εsnow) 1.0
Canopy emissivity (εcan) 0.98
Canopy extinction coefficient (μ) 0.3 m� 1
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stands of western red cedar (Thuja plicata) trees with an average tree height of 25 m. The modeled incoming
shortwave (↓ Sdir + ↓ Sdif; equations (2)–(6)) and longwave (↓ Lsky + ↓ Lcan; equations (8) and (9)) radiation
components are compared against the observed data at both southern and northern edges of the forest gap.
The modeled shortwave radiation reasonably matches both the temporal variation (R2 = 0.98 and 0.85 for
the southern and northern edges, respectively) and the mean of the observed data. The difference
between the modeled and observed estimates of total shortwave radiation is equal to 2% (~0.2 Wm�2 ) and
18% (~19 Wm�2) of the observations at the southern and northern edges, respectively (Figures 2a and 2b).
The comparisons of longwave radiations between the model and the observations also show excellent
correlations (R2 = 0.93 and 0.97 for the southern and northern edges, respectively). Moreover, the differences
in total longwave radiation estimates from the model and observations are minuscule (Δ = 1% or ~3 Wm�2,
and 2% or ~6 Wm�2, for the southern and northern edges of the gap, respectively; Figures 2c and 2d).
Spatial variations of radiation components are also compared against the observed data at solar noon for
shortwave radiation and at midnight for longwave radiation on 18 February 2008. Although shortwave
radiation shows a strong spatial gradient at the site, the model was able to properly capture the variation
along the south-north transect (R2 = 0.93). The difference in the total shortwave radiation from the model
and observations are also nominal (Δ = 1% or ~3 Wm�2; Figure 3a). Divergence between observed and
model results is seen at a distance of around 20m from the southern edge of the gap, where observed
data show a sudden jump. This is likely due to holes and heterogeneities in the surrounding canopy,
which are not resolved within a hemispherical photograph, and hence not accounted for in the model
simulation. Simulated longwave radiation components also show sufficient consistency with the observed
data (R2 = 0.93 and difference in the total longwave radiation, Δ = 5%, or ~12 Wm�2; Figure 3b). Readers
are referred to Lawler and Link [2011] for more details of the observation experiment setup.

3. Results and Discussion

The results are presented thematically, following the questions outlined previously.

3.1. How Gap Size Influences Net Radiation Reaching the Forest Gap Floor

All radiation components (equation (11)) vary spatially on the forest gap floor. Spatial variability of radiation
components, in both clear and cloudy sky conditions, are further analyzed by performing GaRM simulations
for an intermediate-sized forest gap (D/H = 4) on a level forest. The two incoming shortwave radiation
components (↓ Sdir and ↓ Sdif ) vary differently within the forest gap. Direct shortwave radiation is mainly
affected by shadow patterns, which in turn are affected by variations of Sun position. For level forest gaps
located in the Northern Hemisphere, the southern edge is shaded during most of the day. As a result, it
receives very small direct shortwave radiation. With increasing distance from the southern edge of the gap,
the seasonal average direct shortwave radiation gradually increases. Very near to the northern edge of
the gap, however, the seasonal direct shortwave radiation reduces a bit, due to shading by neighboring trees

(a) (b)

Figure 3. Validation of the Gap Radiation Model (GaRM) against the measured data at University of Idaho Experimental
Watershed, near Moscow, ID on 18 February 2008 along the south-north forest gap transect: (a) shortwave radiation
at the solar noon (R2 = 0.93; Δ = 1%) and (b) longwave radiation at the midnight (R2 = 0.93; Δ = 5%); x=0 represents the
southern point of the forest gap and x=60m represents the northern point of the forest gap.
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located along the eastern/western edge of the gap in early/late hours of the day. Therefore, direct shortwave
radiation is maximum at a distance = 0.25D from the center of the gap toward the northern edge. The
diffuse part of shortwave radiation (↓ Sdif ) varies within the forest gap due to variation in sky view factor
(equation (3)), which is maximum at the center of the forest gap. ↓ Sdif radially decreases to its minimum value
near the edge of the gap. Since the spatial gradient of ↓ Sdir within the gap is much more than that of ↓ Sdif
(~11 times greater under clear sky conditions), ↓ Sdir dominates the variations of total incoming shortwave
radiation. As the reflected shortwave radiation from snow (↑ Ssnow) is proportional to the total incoming
shortwave radiation, the spatial variation of seasonal average net shortwave radiation, SNet, follows the
variation pattern of ↓ Sdir with its magnitude ranging from 9.6 Wm�2 near the southern edge to 103.5 Wm� 2

at a point close to 0.25D from the center of the gap toward the northern edge. With increasing distance from
the point of maximum SNet toward the western and eastern edges, SNet decreases monotonically. Spatially
averaged seasonal SNet received in the forest gap of size D/H = 4 is equal to 76.7 Wm�2 (Figure 4a).

The three longwave radiation components (equation (8)) also exhibit markedly different variations on the
forest gap floor. ↓ Lcan and ↓ Lsky are influenced by variations in sky view factor (equations (8) and (9)). ↓ Lsky is
directly proportional to sky view factor and hence expresses concentric variations on the forest gap floor
with a maximum value obtained at gap center. In contrast, anisotropic variability of canopy temperature
along the gap circumference causes a slightly eccentric (off center) variability in ↓ Lcan. Since ↓ Lcan varies
conversely to sky view factor and Tcan is maximum at the northernmost edge of the gap, minimum value of
↓ Lcan is obtained slightly south of the gap center. ↑ Lsnow, on the other hand, is spatially uniform within
the gap, as snow temperature is assumed to be the same everywhere. Since canopy emissivity and
temperature are larger than sky emissivity and temperature, variations in ↓ Lcan within the gap is larger than

Figure 4. Spatial variation of seasonally averaged radiation on a level forest gap (D/H = 4): (a) shortwave radiation in
clear sky conditions, (b) longwave radiation in clear sky conditions, (c) net radiation in clear sky conditions, and (d) net
radiation in interspersed cloudy sky conditions.
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variations in ↓ Lsky. As a result, spatial variation in net longwave radiation is controlled by ↓ Lcan. This also
results in minimum net longwave radiation to be expressed slightly south of the gap center and maximum
on the northern edge. Seasonal average LNet received in an intermediate forest gap (D/H = 4) is simulated to
be equal to �1.1 Wm�2 (Figure 4b).

For the studied forest gap (D/H = 4), spatial variation in SNet is larger than the variations in LNet
(e.g., ΔSNet ≈94Wm�2 compared toΔLNet ≈29Wm�2). Hence, the spatial gradient of NRSG is controlled by SNet,
except at locations closer to the southern edge, which are shaded at all times during the season. For the
snow season with completely clear sky conditions (Figure 4c), NRSG is maximum (≈107 Wm�2) at the
northernmost location of the gap and minimum (≈15 Wm�2) close to the southern edge of the gap. For
the case in which interspersed sky cloudiness at the site during the snow season is considered, (Figure 4d),
the spatial pattern of SNet is similar to that in the clear sky case; however, its magnitude is much less.
On the other hand, due to the high thermal emissivity of cloudy sky, longwave radiation on the forest gap
floor is larger in this case. As a result, the range of NRSG within the forest gap is relatively smaller (45 Wm�2

to 79 Wm�2), with its mean being 10% less than that in clear sky conditions. Notably, net shortwave
radiation is still relatively larger than net longwave radiation at the site, resulting in spatial variation of
NRSG to follow a spatial pattern that is exhibited by SNet.

The shortwave and longwave radiation components, and hence the NRSG, on the forest gap floor vary with
gap size. As gap size increases, shading fraction on the forest gap floor decreases and hence direct
shortwave radiation (↓ Sdir) increases. The diffuse shortwave radiation (↓ Sdif ) also increases with increasing
gap size due to the increase in the viewable portion of sky (SVF). Since reflected shortwave radiation from
snow is the fractional sum of ↓ Sdir and ↓ Sdif (equation (4)), ↑ Ssnow also increases with increasing gap size. As a
result, SNet monotonically increases with increasing gap size (D/H). The three longwave radiation components
(↑ Lsnow, ↓ Lsky, and ↓ Lcan) vary differently with changes in gap size. The emitted longwave radiation from
snow is independent of gap size (equation (10)). Incoming longwave radiation from sky is directly proportional
to sky view factor and hence increases with increasing gap size. However, incoming radiation from the canopy
is conversely related to SVF, leading to a monotonically decreasing behavior with increasing gap size. Since
the decrease in ↓ Lcan is larger than the increase in ↓ Lsky, mostly because canopy emissivity (εcan) is larger than sky
emissivity (εsky), net longwave radiation (LNet) monotonically decreases with gap size.

In snow seasons with completely clear sky conditions (Figure 5a), the increasing trend in SNet and the
decreasing trend in LNet with D/H lead to a nonmonotonic variation in NRSG. For gap sizes D/H < 0.5, as
gap size increases, LNet decreases more rapidly than the increase in SNet, resulting in a decreasing NRSG
with gap size. For gap sizes D/H > 0.5, NRSG shows an increasing trend with gap size. Because of similar
changes in SNet and LNet in very large gaps (D/H > 10), changes in the two energy components negate each
other, thus resulting in NRSG to become less sensitive to gap size. A decreasing followed by an increasing
trend in NRSG leads to a minimum seasonal average net radiation at (D/H)min = 0.5. The minimum net

Figure 5. Variation of radiation components with gap size on a level forest floor: (a) for completely clear sky conditions
during snow season and (b) when sky cloudiness at the site is considered. All radiation values are averaged over the winter
to summer solstices period.
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radiation (NRSGmin) is about 11% less than the net radiation in very small gaps (NRSGsgap) and about 60% less
than the net radiation received in very large gaps and open areas (NRSGlgap).

For snow seasons with interspersed cloudy conditions, sky cloudiness affects both shortwave and longwave
radiation components. Atmospheric scattering and absorption of solar radiation increases in the presence of
clouds, resulting in a decrease in ↓ Sdir and an increase in ↓ Sdif. In spite of the increase in diffuse part of shortwave
radiation in cloudy sky conditions, the total incoming shortwave radiation and, hence, SNet decreases. The
decrease in SNet is significant in large forest gaps and almost negligible in very small gaps as shading fraction is
close to 100% in the latter case. Sky cloudiness influences longwave radiation by increasing sky emissivity and
↓ Lsky while ↓ Lcan experiences a minor change, resulting in an increase in LNet. The increase in LNet is proportional
to sky view factor and, therefore, the increase in longwave radiation is larger in open areas and large forest gaps
rather than small gaps, where sky view factor is small. Simulation results (Figure 5b) at the study site show that in
small (D/H < 1) and large (D/H > 10) gaps, the increase in SNet with D/H is neutralized by the decrease in LNet,
leading to amuted sensitivity in NRSG toD/H. In intermediate gap sizes (1 ≤D/H ≤ 10), the increase in SNet is larger
than the decrease in LNet, resulting in an increasing NRSG with D/H.

It is to be noted that the results for interspersed cloudy sky condition is obtained using the site-corrected sky
emissivity in cloudy conditions (suggested for North American sites by Flerchinger et al. [2009]) and are
dependent on site specific characteristics including cloud cover and sky emissivity. Larger sky emissivity or
higher cloud cover is expected to result in larger longwave radiation, particularly in larger gaps. This may
cause a reduction in the rate of change of longwave radiation with gap size, thus resulting in a monotonically
increasing NRSG with gap size. In contrast, lower-site sky emissivity and cloud cover may result in a
nonmonotonic trend of NRSG with gap size thus leading to a radiation minimum at an intermediate gap
size. The magnitude and variations in NRSG are also dependent on representative values of parameters such
as αmin, αmax, αc, and μ. Higher values of αmin lead to a higher seasonal albedo, which results in a reduction of
SNet and NRSG. The decrease is higher for larger gaps where the shortwave component is dominant
(Figure 6a). Notably, an increase in αmax also results in similar variations in NRSG. However, variations in
NRSG are almost negligible in this case (Figure 6b). This is because the albedo decreases rapidly with time
after a snowfall event. The albedo decay period dominates the shortwave radiation energetics both in terms

Figure 6. Sensitivity of NRSG in clear sky conditions to: (a) minimum and (b) maximum snow albedos, (c) canopy albedo, (d) canopy extinction coefficient, (e) air
temperature, and (f ) the difference between canopy and air temperatures. In all the figures, the middle curve represents the baseline results presented earlier in
the text. All radiation values are averaged over a period spanning from the winter to summer solstice.

Journal of Geophysical Research: Atmospheres 10.1002/2014JD021809

SEYEDNASROLLAH AND KUMAR ©2014. American Geophysical Union. All Rights Reserved. 10,332



of its duration and periods of high incoming radiation intensity. Sensitivity of NRSG estimates to αc and μ
has been plotted in Figures 6c and 6d. Considering all other parameters to be the same, an increase in αc
(for example, in cases where intercepted snow remains on the canopy for a longer period of time) results in
slightly larger shortwave radiation and hence larger NRSG. But the variations in NRSG are very modest. In
contrast, while a larger canopy extinction coefficient (e.g., denser forest surrounding the gap) causes a
small decrease in SNet and NRSG, a smaller μ results in a significant increase in NRSG. To sum up, among the
four model parameters considered here, NRSG is almost insensitive to αmax and αc for the examined ranges.
On the other hand, sensitivities to αmin and μ are mostly apparent for gaps of size larger than D/H ≥ 1 and
with μ= 0.1, respectively. Notably, NRSG shows nonmonotonic variations with gap size for all the considered
parameter ranges, with μ=0.1 being an exception in which case NRSG shows an increasing trend. Sensitivity
of NRSG and its variation with gap size is also evaluated for a range of air and canopy temperatures. A
warmer snow season results in an increase in both canopy and snow temperatures, leading to an increase in
all longwave radiation components (see equations (8)–(10)). Higher air temperatures during the snow season
lead to an almost uniform increase in NRSG for all gap sizes (Figure 6e). In contrast, for warmer canopy
temperatures with temperature difference between canopy and air temperature being equal to two times
the difference considered in the base simulation, the increases in LNet and NRSG are greater for larger gap
sizes because of higher insolation on canopy in larger gaps (see Figure 5a). Along similar lines, for colder
canopy temperature conditions (Tcan = Tair, i.e., ΔTcan = 0), LNet and hence NRSG decreases, and the decrease is
greater in larger gaps (Figure 6f). To sum up, the sensitivity of seasonal net radiation (NRSG) to canopy
temperature is almost negligible in smaller gaps and significant in gaps of size D/H ≥ 1.

3.2. Effects of Slope Angle on Net Radiation in Forest Gaps

In order to understand the impact of slope on net radiation reaching the forest gap floor and its variations
with gap size, NRSG is calculated for a range of D/H values on an inclined south-facing hillslope. Four
different slope angles (0°, 15°, 30°, and 45°) are considered. Themaximum considered slope angle is limited to
45°, since forests are uncommon on very steep hillslopes. Changes in slope angle influence both shortwave
and longwave radiation components by affecting solar incidence angle (θ), shading fraction (SF), and sky
view factor (SVF).

For all south-facing slope angles considered in this study, shading fraction (SF) decreases with increasing
gap size because of the decrease in solar incidence angle (θ). Since both θ and SF decreasewith increasing slope
angle on a south-facing hillslope, ↓ Sdir is larger for higher slopes (see equation (2)). ↓ Sdif, on the other hand,
experiences a small decrease with slope angle due to a decreasing sky view factor (see equation (2)). Since
the increase in ↓ Sdir is much larger than the change in ↓ Sdif, and ↑ Ssnow is only a fraction of the sum of ↓ Sdir and
↓ Sdif, SNet follows the trend of ↓ Sdir and increases with increasing slope angle (Figure 7a). ↓ Lsky and ↓ Lcan
radiation components also change with slope angle due to the influence on SVF (see equations (8) and (9)),
which decreases with slope angle especially in small gaps [Seyednasrollah et al., 2013]. ↑ Lsnow, on the other
hand, is independent of slope angle (see equation (10)). Since ↓ Lcan, which varies proportionally to
↓ Sdir (because of its role in increasing canopy temperature) and conversely to SVF, determines the variation
of LNet with increasing slope angle, LNet is larger for steeper forests (with smaller SVF and larger ↓ Sdir) in
gaps of size D/H < 5. In large gaps (D/H > 5), sky view factor and hence LNet are almost insensitive to
increasing slope angle (Figure 7b).

In clear sky conditions, the rate of change in SNet with increasing slope angle is much larger than the rate of
change in LNet. Therefore, NRSG monotonically increases with increasing slope angle for all gap sizes. The
increase in NRSG with slope angle is substantial for intermediate to large gaps (D/H > 1), while it slightly
decreases for small gaps of size D/H < 0.5 (Figure 7c). As a result, the minimum radiation, NRSGmin is
expressed at D/H = 0.5 for all considered slope angles. However, the ratio of NRSGmin to NRSGsgap keeps
increasing from 89% to 93% with an increase in slope angle from 0° to 45° (see Table 2).

For the case when cloudiness of sky during the snow season is considered, NRSG increases with increasing
slope angle from level forest gaps to 30° slope angle for all gap sizes (Figure 7d). For steeper slopes (>30°),
the increase in NRSG is modest for forest gaps of size D/H< 10 and almost negligible for large forest gaps
(D/H> 10). The results also show that (D/H)min remains almost the same with increasing slope angle in
interspersed cloudy sky conditions (see Table 2). It is to be noted that theoretically, increasing slope angle
pushes (D/H)min to smaller gap dimensions, even though it is too little to be apparent at this site.
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3.3. Effect of Hillslope Orientation on Net Radiation in Forest Gaps

The influence of aspect on the variation of NRSG with gap dimension is investigated by performing
GaRM simulations on a 15° hillslope for five different aspects: south, southwest/southeast, west/east,
northwest/northeast, and north. Changing the aspect of the forest gap floor influences direct shortwave
radiation (↓ Sdir) by altering the incidence angle and path length of the solar beam. The incidence angle
increases for northward facing aspects [Seyednasrollah et al., 2013], which translates to reduction in the
intensity of ↓ Sdir. Furthermore, as incidence angle increases, path length and hence shading fraction increase
too, resulting in a rapid decrease in ↓ Sdir. Since changes in aspect do not cause any change in sky view factor,

(a) (b)

(c) (d)

Figure 7. Effect of slope on the variation of radiation with gap size on a south-facing forest floor: (a) Net shortwave radia-
tion in clear sky conditions, (b) net longwave radiation in clear sky conditions, (c) net radiation in clear sky conditions,
and (d) net radiation when sky cloudiness is considered. All radiation values are averaged over a period spanning from the
winter to summer solstices.

Table 2. Statistics of Minimum Net Radiation for a Range of South-Facing Slopes

Sky Condition Slope Angle (D/H)min

Proportion of Radiation in Relation
to Very Small Gaps (%)

Proportion of Radiation in Relation
to Very Large Gaps (%)

Clear sky 0° 0.5 89 40
15° 0.5 91 34
30° 0.5 82 32
45° 0.5 93 32

Interspersed
cloudy

0° 0.1 100 51
15° 0.1 100 47
30° 0.1 100 46
45° 0.1 100 47

Journal of Geophysical Research: Atmospheres 10.1002/2014JD021809

SEYEDNASROLLAH AND KUMAR ©2014. American Geophysical Union. All Rights Reserved. 10,334



↓ Sdif is insensitive to changes in aspect. As ↑ Ssnow is proportional to ↓ Sdir + ↓ Sdif, it decreases with northward
changing aspect. Based on the aforementioned variations in ↓ Sdir, ↓ Sdif, and ↑ Ssnow, net shortwave radiation
decreases with aspects changing from south-facing to north-facing orientations (Figure 8a). In contrast,
among the three longwave radiation components (↓ Lcan, ↓ Lsky, and ↑ Lsnow), ↓ Lcan shows a minor
decrease for northward facing aspects whereas ↓ Lsky and ↑ Lsnow are insensitive to changing aspect. The
decrease in ↓ Lcan for northward aspects is because of reduction in shortwave radiation, which then results in
a decrease in the temperature of radiation-exposed canopy. Since the change in ↓ Lcan is very small, net
longwave radiation for different aspects are almost identical (Figure 8b). As the decrease in SNet is much
larger than the changes in LNet, net radiation monotonically decreases with increasing hillslope aspect
toward north. The decrease in NRSG due to changing aspect is larger in large forest gaps (Figure 8c). The
sensitivity of NRSG to changing aspect is negligible in very small gaps (D/H < 0.5). The results show that the
minimum radiation is observed for (D/H)min ranging from 0.5 to 1.0, with larger (D/H)min on north-facing
slopes. For snow seasons with completely clear sky conditions, the proportion of NRSGmin in relation to
NRSGsgap monotonically decreases with aspect changing from the south toward the north. For instance,
the ratio decreases from about 91% in south-facing forest gaps to about 89% in east/west-facing hillslopes
and then to about 87% in north-facing hillslopes (see Table 3). When interspersed sky cloudiness is
considered during the snow season, for gaps sizes D/H ≥ 1, NRSG again reduces monotonically with
northward aspects, though at a smaller rate than in snow seasons with completely clear sky conditions. In small
forest gaps (D/H≤ 0.5), the rates of change in SNet and LNet with varying aspects cancel each other out; and
hence, NRSG expresses almost no variability with aspect as well as with gap size (Figure 8d). For all considered

Figure 8. Effect of aspect on the variability of radiation with gap size on a sloping (angle = 15°) forest gap: (a) Net shortwave
radiation in clear sky conditions, (b) net longwave radiation in clear sky conditions, (c) net radiation in clear sky conditions,
and (d) net radiation when sky cloudiness is considered. All radiation values are averaged over a period spanning from
the winter to summer solstices.
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aspects in interspersed cloudy snow seasons, the minimum radiation (NRSGmin) occurs at (D/H)min ≈ 0.1 on
all hillslope orientations (Table 3).

3.4. Is a Forest Gap Always “Darker” Than Open Areas?

Sections 3.1, 3.2, and 3.3 highlight that at the study site, seasonal average net radiation reaching the forest
gap is generally much less (i.e., it is “darker”) than average net radiation in open areas (or a very large gap)
for a wide range of gap sizes, hillslope angles, and orientations. However, considering that the relative
dominance of SNet and LNet changes throughout the snow season, it is worth exploring if the magnitude of
NRSG in a gap will ever be more than that in open areas and what are the controls on it. Additionally, within a
gap, there are areas that have net radiation that is larger than open areas. To this end, here we first define
two parameters to track the spatiotemporal variation of NRSG in forest gaps with respect to open areas:
the daily averaged net radiation difference between the forest gap and open areas (ΔR= Rgap� Ropen in
Wm� 2) and the percentage fraction of area receiving more radiation than open areas (Λ). The model is run
for a range of gap sizes (including D/H= 0.5, 1, 2, 4, 10, and 20) on a level forest gap floor. For each case,
temporal variations of ΔR and Λ are plotted daily during the snow season (Figures 9a and 10a). Since the
difference in shortwave radiation between the gap and in open areas (ΔSNet) is conversely proportional
to the incoming shortwave radiation and the shading fraction, i.e., ΔSNet∝� SF Sdirð Þopen (see equations

(2) and (16)), as gap size increases, shading fraction decreases and hence ΔSNet increases. For all gap sizes,
ΔSNet decreases with time (Figure 9a), with the largest decrease observed in small gaps. The decrease with
time is because of the dominant effect of increasing (Sdir)open (i.e., due to the decrease in Sun incidence
angle) compared to changes in shading fraction with time late in the snow season. Between different gap
sizes, the change in shading fraction with time is relatively larger in small gaps resulting in a larger decrease in
ΔSNet. It is noted than the nonsmooth variations of ΔSNet and ΔR for all gap sizes are because of the uneven
temporal variations in snow albedo (see Figure S1 in the supporting information). The difference in longwave
component between the gap and open areas (ΔLNet) can be expressed as: (1� SVF)(σεcanTcan

4� σεskyTair
4)

(see equations (2)–(10)). Since εcanTcan
4> εskyTair

4 and also the difference between the two longwave
components becomes larger with time due to the increase in air temperature and SNet, ΔLNet monotonically
increases with time for all gap sizes (Figure 9a). Along similar lines, ΔLNet decreases with an increase in
gap size as SVF increases. Early in the snow season, ΔLNet and its rate of change with D/H are larger than ΔSNet
and its change, and hence, ΔR decreases with increasing gap size. On the other hand, at the end of the snow
season, the change in ΔSNet with gap size is much larger than that in ΔLNet, leading to a monotonically
increasing ΔR with increasing gap size. As a result, ΔR in gaps of size D/H ≤ 10 shows a monotonically
decreasing variation with time; while in very large gaps (D/H > 10), ΔR expresses a minor variation with
time (Figure 9a). Again, ΔR> 0 indicates that daily spatially averaged net radiation in the gap is larger than in
open areas. Results suggest that for D/H ≤ 10, ΔR decreases with time and gradually becomes negative over
the season, suggesting that the daily average net radiation in the forest gap is larger than that in open
areas in the beginning of the season, but is less than that in open areas later in the season. Notably, the day
(ξ) from the start of the season by which cumulative ΔR becomes equal to or larger than zero, is smaller
for larger gaps for gap sizes D/H ≤ 10 (Figures 9a and 11). This indicates that cumulative net radiation in
very small gaps is larger than that in open areas for a longer period of time than in large gaps (e.g., ξ = 51 for

Table 3. Statistics of Minimum Net Radiation on Hillslopes of Different Aspects

Sky Condition Orientation (D/H)min

Proportion of Radiation in Relation
to Very Small Gaps (%)

Proportion of Radiation in Relation
to Very Large Gaps (%)

Clear sky South 0.5 91 34
Southeast/West 0.5 90 36

East/West 0.5 89 41
Northeast/West 0.5 88 49

North 0.5 87 53
Interspersed
cloudy

South 0.1 100 47
Southeast/West 0.1 100 48

East/West 0.1 100 51
Northeast/West 0.1 100 54

North 0.1 100 57
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Figure 9. Variability of the difference between daily averaged radiation in the gap and the open area, ΔR= Rgap� Ropen, during the snow season for different (a) gap
sizes, (b) south-facing slopes, (c) north-facing slopes, and (d) aspects. Figures 9b–9d were generated for D/H=4.
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D/H = 0.5 relative to ξ = 39 for D/H = 4). In
contrast, for gap sizes larger than D/H = 10,
ξ is equal to zero thus indicating that
larger gaps receive slightly more energy
than that in open areas throughout the
snow season. It is to be noted that even
though the daily spatially averaged
radiation within a gap may be larger or
smaller than that in open areas, this
relation may not hold true for the entire
gap. The fraction of gap area that receives
more radiation than in open areas,Λ, varies
throughout the season with gap size
(Figure 10a). For gap sizes with D/H ≤ 2, the
rapid decrease of ΔR with time (from
positive to negative values) occurs in
conjunction with the sharp decrease in Λ
from 100% in the beginning to 0% later in
the snow season. The fraction Λ in these
small gaps is close to 100% in the
beginning of the season, as net radiation in

(a) (b)

(c) (d)

Figure 10. Variability of the portion of gap area which receives more radiation than open area, Λ, during the snow season
for different (a) gap sizes, (b) south-facing slopes, (c) north-facing slopes, and (d) aspects.

Figure 11. Effect of the duration of the snow season on NRSG’s regime
for different topographic characteristics for gap size D/H = 4.
Contour colors show the day (ξ) until which the seasonal net radiation
on the gap floor is larger than that in open areas. White areas
indicate topographical conditions where NRSG is always larger than
NRSGopen over the season.
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the gap is larger than that in open areas because of relatively dominant longwave radiation contribution from
the canopy. In large gaps (D/H ≥ 10), while ΔR for almost the entire gap is positive at all times during the
season, there is a fraction of area (10% to 20%) near the southern edge of the gap where local ΔR is negative.
This is mainly due to tree shading. Notably, late in the snow season when shortwave radiation is the
dominant radiation contribution, as gap size increases, shading fraction decreases, and hence, Λ increases.
The variation of Λ with time in intermediate forest gaps (D/H = 4) shows a decreasing followed by an
increasing trend, before it plateaus late in the snow season. This is because earlier in the season, the variation
of Λ is controlled by the longwave component, which decreases steadily until about day 30 at the study
site because of reduction in air temperature with time. Later in the season, the shortwave radiation becomes
the dominant component (because of increasing Sun angle and reduction in snow albedo) and hence Λ
increases with time as shading fraction decreases until ΔR stabilizes, leading to minor variations in Λ.

In order to understand the influence of slope angle on the spatiotemporal variation of NRSG and consequently
on when the seasonal net radiation in gap may be larger than that in open areas, ΔR and Λ are calculated for
an intermediate-sized forest gap (D/H = 4) with varying slope angles (0°, 15°, 30°, and 45°) on both south-
facing (Figures 9b and 10b) and north-facing (Figures 9c and 10c) hillslopes. As noted in section 3.2, solar
incidence angle and shading fraction decrease with increasing south-facing slope angle, resulting in shortwave
radiation on the forest gap floor and in open areas to increase with slope angle. Since the rate of change in
shortwave radiation in the gap is different than that in open areas, ΔSNet shows an irregular trend with
slope angle in the beginning of the season. Early in the season when shading fraction is persistently large,
incoming shortwave radiation increases with time, and hence, ΔSNet decreases with time for all south-facing
slope angles. Later in the season and particularly for large slopes, the rate of decrease in shading fraction with
time becomes large enough, leading to a small increase in ΔSNet with time. In contrast, for all south-facing
slopes, ΔLNet increases with time due to the increasing trend in air and canopy temperatures (similar to the
explanation for Figure 9a). ΔLNet does showminor variations with slope angles over the season due to changes
in SVF and SNet which in turn affects the canopy temperature. Because the variation in ΔSNet with time is
much larger than ΔLNet,ΔR follows the variation ofΔSNet with increasing slope angle and time. At the beginning
of the season,ΔR decreases with time. Later in the season,ΔR increases with time and slope angle, as bothΔSNet
and ΔLNet increase. Similar to ΔSNet, ΔR increases with increasing slope angle (Figure 9b). As noted earlier,
the nonsmooth variations of ΔSNet and ΔR for all gap sizes are caused by the uneven temporal variations in
snow albedo. The portion of gap that receives more radiation than open areas also varies with slope angle. As
slope angle on south-facing hillslope increases, solar incidence angle decreases, and hence, shading fraction
on the forest gap floor decreases, which results in an increasing Λ with slope angle. This is generally true
over the snow season, except in early winter when longwave component is dominant (Figure 10b). On north-
facing slopes, variation of ΔR and Λ are markedly different than that on south-facing slopes. Here incoming
shortwave radiation both on the forest gap floor and in open areas decrease with increasing slope angle
(increasing θ). At the beginning of the snow season, the rate of decrease in shortwave radiation on the
forest gap floor is slower than that in open areas. As a result, ΔSNet increases with slope angle. On higher slopes
(30° and 45°), shortwave radiation mainly consists of diffuse radiation, and hence, ΔSNet is close to zero.
Since incoming shortwave radiation increases with time, ΔSNet decreases until late in March and April, for all
north-facing slopes. Late in the season, the rate of change in shortwave radiation for the gap and open
areas become similar, ΔSNet ≈ �57 to �64 Wm� 2, for different slope angles. Similar to south-facing slopes,
ΔLNet on north-facing slopes is conversely proportional to sky view factor and hence varies marginally with
slope angle. As a result,ΔR follows the variation ofΔSNet with time until late inMarch andApril, when changes in
ΔSNet with slope is small. After March until the summer solstice, ΔR is controlled by ΔLNet, and therefore, it
gradually increases with time (Figure 9c).

Comparison of variation of ΔR between north-facing and south-facing hillslopes suggest that NRSG remains
larger than that in open areas for a longer time on north-facing slopes than on south-facing slopes. For
example, NRSG for a south-facing forest gap on 15° slope is larger than that for open areas until the 83rd day
of the season. In contrast, for a 15° north-facing forest gap, NRSG remains larger than for open areas until day
133 of the snow season for an intermediate-sized forest gap (D/H = 4) (see Figure 11). ξ increases with
increasing slope angle, for both south-facing and north-facing slopes. The portion of area receiving more
radiation than open areas is also affected by changes in north-facing slope angle. In early winter, shortwave
radiation is relatively small on north-facing slopes, both for gaps and open areas. Longwave radiation
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from canopy dominates net radiation on the forest gap floor, resulting in a larger NRSG than Ropen over the
entire forest gap floor (Λ = 100%). Later in the season, as solar elevation angle increases with time, Λ is
controlled by shortwave radiation and shading fraction. As a result, Λ increases with time and decreases
with slope angle (Figure 10c). Nonsmooth variations of snow albedo result in some irregularities in the overall
trends during the spring period.

To understand the impact of hillslope aspect on spatiotemporal variability of net radiation and consequently
on the period for which net radiation in gaps may be larger than that in open areas, ΔR and Λ are
calculated for an intermediate-sized forest gap (D/H = 4) on five different hillslope (slope= 15°) aspects
ranging from south, southeast/southwest, east/west, northeast/ northwest, and north-facing slopes. Due to
the increase in incoming shortwave radiation with time, ΔSNet decreases with time for all slope angles, during
the winter. Changing the aspect affects ΔSNet by influencing incoming shortwave radiation and shading
fraction on the forest gap floor. As hillslope orientation changes from the south to the north, solar incidence
angle and, hence, ΔSNet increase. As solar elevation angle increases with time, the increase in shading fraction
with increasing aspect becomes relatively dominant to the decrease in incoming shortwave radiation,
resulting in a modest decrease in ΔSNet with time. Due to the decrease in solar insolation with changing
aspect from south to north, canopy temperature, and hence, ΔLNet slightly decreases too. However, since
ΔSNet > ΔLNet, ΔR increases with aspect in the beginning of the season (before day 75) and it decreases
with aspect later in the season (after the 95th day). For the same reason, ΔR decreases with time until about
the 75th day and then after day 140, it monotonically increases with time by the end of the season. In the
winter period, the decrease of ΔSNet with time is larger than the rate of increase in ΔLNet, resulting in a
decreasing ΔR. In the spring and early summer, variation of ΔLNet is comparatively larger than that of ΔSNet,
leading to an increasing ΔR with time (Figure 9d). The cumulative ΔR is also strongly affected by changes in
aspect. On south-facing slopes, it persistently remains negative almost over the entire season, which
means the forest gaps are darker relative to open areas. However, on north-facing slopes, forest gaps are
“brighter” than open areas (Figure 11). As discussed above, Λ on a south-facing hillslope decreases with
time over the season. Changing the hillslope aspect also affects the portion of area, which receives more
radiation than in open areas by varying shading fraction, incoming shortwave radiation and longwave
radiation from canopy. During the summer, Λ is controlled by shortwave radiation gradients and shading
fraction, leading to a decrease in Λ with northward orientation of hillslope. On the other hand, in the winter
(when snow albedo is generally high) and particularly on north-facing slopes, the spatial distribution of
radiation on the forest gap floor is dominated by longwave radiation from canopy, resulting in Λ = 100 for
northeast/northwest and north-facing hillslopes (Figure 10d).

4. Conclusions

The study explored spatiotemporal gradients of net radiation reaching discontinuous forest gaps using a
physically based model, GaRM, for a range of gap sizes and topographic configurations at a midlatitude site.
Results showed that in small gaps (D/H ≤ 0.5), net radiation on the forest gap floor is controlled by the
longwave component with relatively small spatial gradients. However, in larger gaps (D/H> 2), the shortwave
radiation dominantly governs the spatial pattern of net radiation and its trend with changing gap size.
The spatial gradient of radiation (for gap size D/H= 4) is relatively muted for snow seasons with interspersed
cloudy sky conditions, in relation to seasons with completely clear sky conditions.

Scenario experiments showed that the seasonal spatially averaged net radiation is minimized for relatively
small gaps (D/H= 0.5) in level forests. The minimum radiation is observed to be about 11% less than net
radiation in very small gaps and about 60% less than net radiation reaching the floor in open areas and
very large gaps. The minimum seasonal net radiation persistently occurs for small gaps (D/H ≤ 0.5) on both
south-facing and north-facing forest slopes. Results also showed that forest gaps of size D/H ≤ 4 are “dark”
in the sense that seasonal net radiation in the gap is smaller than that in open areas. In contrast, gaps of size
D/H> 10 receive a larger seasonal net radiation than in open areas. Although seasonally averaged net
radiation is smaller than that in open areas for a wide range of gap sizes, the forest gap is not dark over
the entire season and gap area. The research showed that the duration for which a “cold” gap may receive
more radiation than open areas, varies with the slope and aspect of the hillslope. North-facing gaps tend
to remain colder than open areas (i.e., receive less net radiation) for a shorter duration during the snow
season, than south-facing slopes. This colder period shortens even further, with an increase in slope angle on
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north-facing slopes. In contrast, gaps on south-facing slopes receive less radiation than open areas for a
longer time during the snow season. Along similar lines, fractional area of a forest gap that receives larger net
radiation than in open areas also varies with time, gap size, slope, and aspect. The presented model and
associated results will support better understanding and quantification of radiation-controlled processes
such as snowmelt in snow-dominated patchy forests. The results could be applied to support optimal
forest management practices to obtain the desired net radiation and hence melt regime on the forest gap
floor by altering gap configurations. The topographic and meteorological dependence of net snowcover
radiation further highlights the need to consider a wide range of factors in the prediction of water and energy
fluxes in heterogeneous forests and for identification of best forest management strategies.
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