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Abstract 5 

Net radiation reaching the forest floor is influenced by vegetation density. Previous studies have 6 

confirmed that in mid-latitude conifer forests in Greenville, ME (45.5°N), net radiation decreases 7 

and then subsequently increases with increasing vegetation density, for clear sky conditions. This 8 

leads to existence of a net radiation minimum at an intermediate vegetation density. With 9 

increasing cloud cover, the minimum radiation shifts toward lower densities, sometimes resulting 10 

in a monotonically increasing radiation with vegetation density. The net radiation trend, 11 

however, is expected to change with location of forests, affecting the magnitude and temporality 12 

of individual radiation components. This research explores the variability of net radiation on 13 

snow-covered forest floor for different vegetation densities along a latitudinal transect. We 14 

especially investigate how the magnitude of minimum/maximum radiation and vegetation 15 

density at which they are expressed, changes with site location. To evaluate these, net radiation is 16 

calculated using the Forest Radiation Model at six different locations in white spruce (Picea 17 

glauca) forests across North America, with latitudes ranging from 45 to 66°N. Results show that 18 

the variation of net radiation with vegetation density significantly varies between different 19 

latitudes. In higher latitude forests, the magnitude of net radiation is generally smaller, and the 20 

minimum radiation is exhibited at relatively sparser vegetation densities, for clear sky conditions. 21 

For interspersed cloudy sky conditions, net radiation non-monotonically varies with latitude 22 

across the sites, depending on the seasonal sky cloudiness and air temperature. Net radiation on 23 

north-facing hillslopes is less sensitive to latitudinal location than on south-facing sites. 24 
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1 Introduction 25 

Net snowcover radiation on forest floor (    ) is the primary control on the rate and timing of 26 

snowmelt in forested regions [Aguado, 1985; Bohren and Thorud, 1973; Elder et al., 1991]. 27 

Estimation of      depends on accurate evaluation of shortwave radiation,     , (direct, diffuse 28 

and reflected from snow and canopy) and longwave radiation,     , (from tree crown, trunk, sky 29 

and snow) components [Pomeroy et al., 2009; Price, 1988; Sicart et al., 2006]. Both      and 30 

     radiation components are dependent on vegetation density. With increasing vegetation 31 

density, shading fraction on the forest floor increases, and hence      decreases. On the other 32 

hand as vegetation density increases, the portion of incoming longwave radiation from tree 33 

crown and trunk increases, and consequently,      increases [Seyednasrollah et al., 2013]. 34 

Because of the opposing trends in variation of      and      with vegetation density,      may 35 

exhibit a minimum (        ) at moderate vegetation densities in coniferous forests (e.g. in 36 

Oregon ~44 ºN [Reifsnyder and Lull, 1965] and Maine ~45 ºN [Seyednasrollah et al., 2013]). 37 

Similar behavior has been reported based on empirical model results in lodgepole pine forests at 38 

~39 °N latitude [USACE, 1956]. The variation of      with vegetation density, however, is 39 

influenced by a swath of factors including slope and aspect of the forest floor [Seyednasrollah et 40 

al., 2013], climatological characteristics [Lundquist et al., 2013], and tree morphometric 41 

characteristics such as tree height and crown’s shape, radius, depth and density [Seyednasrollah 42 

and Kumar, 2013]. For a wide range of vegetation densities, net radiation increases with 43 

increasing hillslope angle and the minimum radiation occurs at higher vegetation densities. On 44 

the other hand, both      and the density at which radiation is minimum decreases with 45 

orientation of hillslope changing from south- to north-facing [Seyednasrollah et al., 2013]. Effect 46 

of tree morphometry on variability of NSRF with vegetation density is also significant. Taller 47 
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trees, larger and denser crowns, and cylindrical shaped crowns exhibit lower net snowcover 48 

radiation on forest floor at intermediate vegetation densities and larger radiation at high 49 

vegetation densities. The optimum vegetation density at which      is minimum, decreases 50 

with increasing tree height, crown radius and crown density. On the other hand, larger crown 51 

depth leads to an increase in the vegetation density at which radiation is minimum 52 

[Seyednasrollah and Kumar, 2013]. 53 

The location-dependent variability of      with changing vegetation density is still 54 

unknown. Location of forests is expected to influence the variability in      with vegetation 55 

density by influencing both shortwave and longwave radiation components. At higher latitudes, 56 

solar altitude angle decreases thus causing shortwave radiation to decrease. Additionally, both 57 

     and      are affected by site-specific climatological characteristics (e.g. air temperature 58 

[Lundquist et al., 2013], relative humidity [Marthews et al., 2012] and cloud cover [Flerchinger 59 

et al., 2009]). This paper quantifies the effects of location of forest on the magnitude of net 60 

radiation reaching the floor and its variations with changing vegetation density. Simulations are 61 

conducted for a wide range of vegetation densities using Forest Radiation Model 62 

[Seyednasrollah et al., 2013], at six mid to high latitude locations in white spruce (Picea glauca) 63 

forests in North America. White spruce forests are widely distributed species in United States 64 

and Canada, and extend from around 43º to 69º latitude [plantmaps.com, 2012]. 65 

2 Model and Data  66 

The physically-based Forest Radiation Model (FoRM) is used in this study to map the location-67 

dependent variability of      with changing vegetation density. The model has the ability to 68 

simulate spatial and temporal gradients of the individual radiation components over a uniformly 69 
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distributed infinite extent of trees. Although the model can calculate radiation for different tree 70 

shapes, the analysis here is restricted to cylindrical shaped white spruce trees, a widely prevalent 71 

conifer in mid-latitudes of North America. White spruce trees are widespread across northern 72 

North America (Figure 1), extending from Alaska, Yukon, and British Columbia, and continuing 73 

eastward to Nova Scotia, Newfoundland, New Brunswick, Québec, and Maine and Vermont in 74 

the northeastern United States [plantmaps.com, 2012; USDA, 2011]. White spruce can grow up 75 

to 27 meters in height and 6 meters in width [ADF, 2012; MFC, 1908]. In this analysis, a typical 76 

tree size is considered, with crown radius of 3 meters and tree height of 24 meters.  77 

2.1 Radiation calculations in FoRM 78 

     is calculated from the beginning (  ) to the end (  ) of the snow season: 79 

      
∫ ∫            
  
  

        
, Eq. 1 

where   is area of forest floor control volume and      is net radiation flux on the forest floor. 80 

     is evaluated for a snow season that ranges from winter (  ) to summer (  ) solstices. The 81 

period conservatively overspreads the entire duration of snow season in white spruce habitat. 82 

     is modeled as the sum of the net longwave (    ) and net shortwave (    ) energy 83 

components: 84 

                Eq. 2 

     in the model is evaluated by calculating the sum of incoming longwave emissions from tree 85 

crown (       ), trunk (       ), and sky (     ) and the emitted longwave radiation from 86 

snow (      ) as:  87 
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Eq. 3 

where   is Stefan-Boltzmann constant ( =5.67×10
-8        ),     ,      and       are sky, 88 

canopy and snow emissivities (dimensionless) respectively, and     ,       ,        and       89 

are sky, crown, trunk and snow temperatures (K).      is set to air temperature [Lawler and Link, 90 

2011].      for the simulated snow season is obtained by fitting a periodic function to long term 91 

air temperature data (Table 2) from the National Climatic Data Center [NCDC, 2012] 92 

meteorological stations, such that both diurnal and season variations are accounted for. Snow 93 

temperature is set to the dew point temperature (   ), when    <0 and zero otherwise [Andreas, 94 

1986]. In absence of tree crown and trunk temperature data, respective temperatures are obtained 95 

by regressing the difference in observed air and crown/trunk temperatures that were presented in 96 

Pomeroy et al. [2009], against simulated net incident solar radiation. This assumes that the 97 

difference in canopy (crown and trunk) and air temperature is mostly driven by incident solar 98 

radiation. The emissivity of snow and canopy (both crown and trunk) are set to 1.0 [Dozier and 99 

Warren, 1982; Sicart et al., 2006; Warren, 1982] and 0.98 [Pomeroy et al., 2009], respectively. 100 

Sky emissivity (    ) is evaluated using the Prata-Kimball model [Kimball et al., 1982; Prata, 101 

1996], which was suggested by Flerchinger et al. [2009] as one of the more reliable models for 102 

evaluation of sky emissivity under clear and cloudy sky conditions. Average daily cloud cover, 103 

which is used for evaluation of     , is obtained from the National Renewable Energy 104 

Laboratory [NREL, 2012] data for sites located in the United States, and the Canadian Weather 105 

Energy and Engineering Datasets [CWEEDS, 2013] for sites located in Canada. Other relevant 106 

meteorological variables, such as relative humidity, are obtained from NCDC data [NCDC, 107 
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2012]. Net shortwave radiation,     , is evaluated by quantifying incoming direct (     ), 108 

diffuse (     ), and multiple reflected shortwave radiation components between snow and 109 

canopy using [Seyednasrollah et al., 2013]: 110 

 

            (
                       

               

 
                             ⁄  

               
) 

Eq. 4 

where       is extraterrestrial radiation,     ,      and    are direct, diffuse snow albedos and 111 

canopy albedo,    and    are atmospheric transmittance for beam and diffuse radiation,  ,   and 112 

  are solar zenith, incidence (the angle between the sun and normal to the surface) and azimuth 113 

angles respectively,     is local sky view factor, and   is the probability that a ray is not 114 

blocked by forest. Snow albedo has a spectral variation from 0 to 0.8 depending on snow age, 115 

grain size, and wavelength [Warren and Wiscombe, 1980; Wiscombe and Warren, 1980]. An 116 

intermediate value of 0.4, representative of the seasonal albedo for direct shortwave radiation in 117 

forested settings [Melloh et al., 2002], was used in this analysis. Snow albedo for diffuse 118 

radiation,     , is set equal to 0.8 [Wang and Zeng, 2010]. Canopy (crown and trunk) albedo is 119 

relatively smaller and is set to be 0.2 [Bohren and Thorud, 1973; Eck and Deering, 1990; 1992]. 120 

  is evaluated by a probabilistic ray tracing approach which accounts for the path length of the 121 

solar beam through individual canopy structures. Sky view factor,    , is estimated using the 122 

SkyMap algorithm. More details about the calculation of individual radiation components are 123 

available in Seyednasrollah et al. [2013] and Seyednasrollah and Kumar [2013]. 124 
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2.2 Selected Sites 125 

Six white spruce forest sites distributed across the United States and Canada are selected to study 126 

the variability of net radiation for different vegetation densities along a latitudinal transect (see 127 

Figure 1). The selection of sites is made based on three criteria: (a) situated in white spruce 128 

forests, (b) located in mid to high latitudes, and (c) sites should have long-term temperature 129 

records (see Table 1). Model simulations are performed for two representative snow seasons at 130 

all the six selected locations. One scenario considers a completely clear sky cover during the 131 

snow season, while other accounts for interspersed cloudy conditions based on data at respective 132 

sites. Climatological characteristics of the selected sites are shown in Table 2. Seasonal air 133 

temperature data suggests a decreasing trend in air temperature for higher latitudes. However, the 134 

site Chulitna does not follow this trend.  135 

3 Results and Discussion 136 

Variability of both      and      with vegetation density are simulated by FoRM at all the six 137 

selected sites for a range of slope angles and orientations. Vegetation density is quantified as 138 

   , where   is the average distance between trees in an idealized uniform forest. It is to be 139 

emphasized that the model has been previously validated against the observed shortwave and 140 

longwave radiation data in a uniform lodgepole pine forest at the Local Scale Observation Site 141 

(LSOS, [NSIDC, 2013]) in Fraser, CO, USA [Seyednasrollah et al., 2013]. By using the same 142 

configuration of forest at different locations, the role of latitudinal location and associated 143 

meteorological characteristics on variation of      with changing vegetation density is isolated. 144 
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3.1 Effects of Latitudinal Location and Meteorological Characteristics on Net Shortwave 145 

Radiation Reaching the Forest Floor 146 

3.1.1. On a level forest floor: Variation of      with vegetation density for snow seasons with 147 

completely clear or interspersed cloudy conditions In northern hemisphere, with increasing 148 

latitude, solar altitude angle decreases. As a result, the incoming shortwave radiation hits the 149 

level floor at smaller angles, resulting in reduction in net shortwave radiation. This is evident in 150 

the monotonically decreasing trend in net shortwave radiation with increase in latitude, at all 151 

considered vegetation densities in clear sky conditions (Figure 2-a). On the other hand, for snow 152 

seasons with interspersed cloudy sky conditions, comparative differences in      between 153 

locations are also influenced by differences in sky cover and its seasonal variation at the study 154 

sites. With increasing sky cloudiness, the incoming direct shortwave radiation declines [Liu and 155 

Jordan, 1960], whereas the diffuse portion of shortwave radiation increases because of enhanced 156 

scattering [Monteith and Unsworth, 2008]. Since the decrease in direct radiation is generally 157 

much more than the increase in the diffuse component,      decreases with increase in cloud 158 

cover [Campbell, 1985]. As a result, all study sites were observed to receive less amount of 159 

shortwave radiation in interspersed cloudy sky conditions than in clear sky conditions. The 160 

decrease in shortwave radiation is generally observed to be proportional to sky cloud fraction, 161 

which translates to larger decrease in      for sites with larger cloud fraction. However, the 162 

variation of      with sky cloudiness is not always linear, as the magnitude of decrease in      163 

with sky cloudiness is also influenced by site elevation, local atmospheric turbidity, aerosols 164 

concentration, temporal variation of sky cloudiness over the season and uncertainties associated 165 

with the sources of data. For instance,      at Greenville ( ≈56%) declines to about 61% of its 166 

magnitude in clear sky conditions; while at Prince Albert ( ≈53%),      reduces to about 80% 167 
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of its magnitude in clear sky conditions. Additionally, because of the influence of multiple 168 

controls during interspersed cloudy sky conditions,      does not always show a monotonic trend 169 

with either latitude or sky cover fraction. For example, in open areas to low vegetation densities 170 

(    < 0.04    ) where direct shortwave radiation is the dominant shortwave component, the 171 

largest shortwave radiation is observed at Prince Albert ( ≈53%) followed by Buffalo Narrows 172 

( ≈53%), the two locations that exist at relatively low latitudes and also where sky cover 173 

fraction is relatively small. Net shortwave radiation was observed to be less in Greenville 174 

( ≈56%) and Trout Lake ( ≈51%) than in Buffalo Narrows. In contrast, the two high latitude 175 

sites, Indian Mountains and Chulitna, with high seasonal cloud cover ( ≈68-69%) expressed the 176 

smallest net shortwave radiation for all considered vegetation densities (Figure 2-b). For 177 

intermediate to high vegetation densities (0.04    <     < 0.13   ) where the diffuse radiation 178 

gradually becomes the principal portion of net shortwave radiation reaching the forest floor, the 179 

decrease in       with sky cover is balanced out by the increase in      . As a result, trend of 180 

     with latitude at these vegetation densities follows the same trend that exist in snow seasons 181 

with completely clear sky conditions, with largest magnitude observed at Greenville, followed by 182 

Prince Albert, Buffalo Narrows, Trout Lake, and Chulitna and Indian Mountains, respectively. In 183 

very high vegetation densities (   >0.13   ),      becomes very small at all study sites with 184 

no significant difference between locations.  185 

3.1.2. On a sloping forest floor: Variation of      with vegetation density for snow seasons with 186 

completely clear or interspersed cloudy conditions Latitudinal influence on variation of net 187 

radiation with vegetation density changes with slope angle and aspect of the forested hillslope. 188 

     on a inclined hillslope shows a similar trend in its variability across different locations as is 189 

expressed in level forests for clear sky conditions (see Figure 3-a). The only marked difference in 190 
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the shortwave radiation regime on inclined slopes, with respect to level forests, is the increase in 191 

magnitude of direct shortwave radiation with slope angle for south-facing slopes, especially at 192 

lower vegetation densities. This is mainly due to: (a) the decrease in solar incidence angle (the 193 

angle between the sun and normal to the surface) and (b) the decrease in shading fraction for 194 

steeper hillslopes [Seyednasrollah et al., 2013]. Along similar lines, changes in the orientation of 195 

the hillslope from south-facing to north-facing reduces     , because of a continuous increase in 196 

solar incidence angle and shading fraction for north-ward slopes. The decrease in shortwave 197 

radiation is much more at lower vegetation densities, where direct shortwave radiation is 198 

relatively significant than at higher vegetation densities. For snow season with interspersed 199 

cloudy sky conditions (Figure 3-b), the increase in      with slope angle on south facing slopes 200 

is larger at sites with smaller seasonal sky cover. On north-facing hillslopes with interspersed 201 

cloudy sky conditions in the snow season, the decrease in      with slope angle is also larger at 202 

sites with smaller seasonal sky cover (Prince Albert, Buffalo Narrows and Trout Lake; see 203 

Figure 3-b). 204 

3.2 Effects of Latitudinal Location and Meteorological Characteristics on Net Longwave 205 

Radiation Reaching the Forest Floor 206 

3.2.1. On a level forest floor: Variation of      with vegetation density for snow seasons with 207 

completely clear or interspersed cloudy conditions Longwave radiation reaching the forest floor 208 

is affected by changes in vegetation density because of change in sky and trunk view factor. Of 209 

the four longwave radiation components,        is independent of sky view factor and 210 

vegetation density (Eq. 3). Canopy emissivity,      , which is evaluated as                , 211 

is higher than clear sky emissivity and therefore the variation of net longwave radiation with 212 

changing sky view factor is dominated by      . As a result,      varies conversely with    , 213 
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and hence it increases with increasing vegetation density at all the six study sites (Figure 4-a and 214 

b). However, at any particular vegetation density, net longwave radiation does not show a 215 

monotonic variation with latitude, in part because of variations in cloud cover, relative humidity, 216 

and air, crown, trunk and snow temperatures, which influence      directly or indirectly. 217 

Notably, monotonic trend in      is not expressed even for clear sky conditions. This is also true 218 

for stations (e.g. Greenville, Prince Albert, Trout Lake and Indian Mountains) for which mean 219 

snow-season air temperature varies inversely with latitude (Figure 4-a, inset). The variation of 220 

     at different sites is highly nonlinear. At low vegetation densities (     1), the trend in 221 

     is determined by           
            

   based on Eq. 3. Depending on the frequency 222 

of how often dew point temperatures are above zero degree Celsius and the magnitude of snow 223 

and clear sky emissivity, the difference between incoming sky longwave radiation and outgoing 224 

longwave radiation from snow changes from location to location, resulting in the expressed 225 

variations (Figure 4-a). As a result, for open areas (    = 1) in clear sky conditions,      is the 226 

smallest for Chulitna and the largest for Indian Mountains. Other four sites in the order of 227 

increasing      are: Trout Lake, Prince Albert, Greenville and Buffalo Narrows. In contrast, for 228 

very dense forests (     0),     , which is equal to                     
  229 

          
          

            
  , increases from Chulitna to Trout Lake, Indian 230 

Mountains, Prince Albert, Buffalo Narrows and Greenville (Figure 4). At intermediate vegetation 231 

densities, the ordering of sites changes based on the site specific emissivities and the temperature 232 

data. Notably, the range of      for the vegetation densities considered here is only about 7 233 

     to 8     , for the latitudinal range considered (~45º N to ~66º N).  234 

In addition to air temperature, sky cover fraction also plays an important role in variation 235 

of net longwave radiation component across the study sites. With increasing cloud cover, sky 236 
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emissivity increases, resulting in an increase in      . On the contrary, shortwave radiation 237 

decreases with increasing sky cloudiness, leading to a decline in crown and trunk temperatures 238 

and hence a decrease in         and        , particularly in low vegetation densities. However 239 

the effect of sky cloudiness on         and         is smaller than that on longwave radiation 240 

from sky, resulting in an increase in      with increase in cloud cover. Because of a larger role 241 

of       at sparse densities, the increase in      at these vegetation densities is more than in 242 

dense forests. As a result,      in open areas is more sensitive to sky cloudiness than in very 243 

dense forests. For interspersed cloudy sky conditions, net longwave radiation in open areas 244 

increases from Trout Lake to Prince Albert, Buffalo Narrows, Greenville and Indian Mountains 245 

(Figure 4-b) in direct proportion with seasonal average cloud cover. However due to the warm 246 

snow season, Chulitna was observed as an outlier between Prince Albert and Buffalo Narrows.  247 

3.2.2. On a sloping forest floor: Variation of      with vegetation density for snow seasons with 248 

completely clear or interspersed cloudy conditions Net longwave radiation does not change 249 

significantly with increasing slope angle. However, because of very modest changes in sky view 250 

factor with slope angle [Seyednasrollah et al., 2013],      is affected a little by changes in slope 251 

angle. On south-facing hillslopes, as slope angle increases, the angles subtended by southern 252 

(and lower) and northern (and higher) trees increases and decreases, respectively. Since the rate 253 

of increase of subtended angle by southern trees is large, sky view factor decreases with 254 

increasing slope angle. Following the sky view factor,      increases a bit with increasing slope 255 

at the study locations, for both clear and interspersed cloudy sky conditions. Changes in the 256 

aspect of the hillslope toward the north reduce incoming solar radiation to the forests, causing a 257 

decrease in crown/trunk temperature, and hence a minor decrease in     . The changes in      258 

with aspect are even less in interspersed cloudy sky conditions than in clear sky conditions. It is 259 
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to be noted that with changes in slope and aspect, the variation of      is far larger than in      260 

[Seyednasrollah et al., 2013], therefore the variability of net radiation (    ) with aspect and 261 

slope is mainly influenced by changes in the shortwave component. 262 

3.3 Net Radiation Variability 263 

The variations of net radiation with vegetation density for clear and interspersed cloudy sky 264 

conditions in level forests are plotted in Figure 5-a and Figure 5-b, respectively.  265 

3.3.1. On a level forest floor: Variation of      with vegetation density for snow seasons with 266 

completely clear or interspersed cloudy conditions For clear sky conditions in sparse vegetation 267 

densities (   <0.08   ), the magnitude of decrease in net shortwave radiation with increasing 268 

latitude is larger than the changes in net longwave radiation at five out of six study sites 269 

(Greenville, Prince Albert, Buffalo Narrows, Trout Lake and Indian Mountains). As a result, 270 

     follows the variation of      and decreases with increasing latitudes (Figure 5-a). 271 

However,      at Chulitna falls out of this sequence and has the smallest     , even smaller 272 

than at Indian Mountains, which is located further north. This is because the difference in net 273 

longwave radiation between Indian Mountains and Chulitna is much more than the difference in 274 

shortwave radiation. In contrast, due to relatively smaller contribution of shortwave radiation in 275 

dense forests (   >0.12   ), the magnitude of      follows the trend of longwave radiation 276 

as is expressed in Figure 4-a. As such,      is largest for Greenville and smallest for Chulitna 277 

in dense forests. The changing relative contributions of individual radiation components at 278 

different densities also result in differences in variability of      with vegetation density at 279 

different latitudes. For example, for lower latitude sites (e.g. Greenville, Prince Albert and 280 

Buffalo Narrows), where net shortwave radiation component is larger than net longwave 281 

component,      is generally larger for low vegetation densities or open areas with respect to 282 
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dense forests. On the other hand, for higher latitude sites (e.g. Indian Mountains and Chulitna) 283 

where net longwave is dominant,      in very dense forests is larger than in open areas or 284 

sparse forests. The range of variation in      also varies across the sites. Notably, the standard 285 

deviation of net radiation (     ) across different vegetation densities first decreases with 286 

latitude from Greenville (     =12.3     ) to Prince Albert (     =6.4     ), Buffalo 287 

Narrows (     =4.7     ) and Trout Lake (     =3.7     ) and then increases with 288 

latitude for Chulitna (     =3.9     ) and Indian Mountains (     =4.5     ). This is 289 

because in lower latitudes, the difference in net radiation between open areas and very dense 290 

forests first decreases and then increases with increasing latitude. Vegetation density at which 291 

maximum net radiation is expressed is also found to vary across the six sites. The results show 292 

that in clear sky conditions, the maximum net radiation (       ) for level forest occurs at 293 

sparser density (    
  ≈0.02   ) for lower latitudes areas (Greenville, Prince Albert, Buffalo 294 

Narrows and Trout Lake) and in very dense forests (    
  ≈0.17   ) for higher latitude sites 295 

(Indian Mountains and Chulitna).         varies from 23.3      to 58.2      across the 296 

six locations. Moreover,      at different locations often expresses a local minimum for 297 

intermediate vegetation densities. The density at which      is minimum (    
  ) decreases with 298 

increasing latitude from     
  ≈0.12     at Greenville (latitude = 45.5 ºN) to     

  ≈0.08    at 299 

Indian Mountains (latitude = 66.0 ºN).         varies from 10.4      to 27.7      across 300 

the six locations.  301 

For the scenario when interspersed cloudy sky conditions in snow season is considered, 302 

      monotonically increases with vegetation density for sites with higher cloud cover (e.g. 303 

Greenville, Indian Mountains and Chulitna; see Figure 5-b), as the shortwave component is 304 

small, and hence the longwave radiation determines the trend at all vegetation densities. This 305 
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variation becomes non-monotonic for sites with lower cloud cover (e.g. Prince Albert, Buffalo 306 

Narrows and Trout Lake; see Figure 5-b), as the shortwave radiation is not too small especially 307 

in sparse forests. Unlike the scenario with completely clear sky conditions in snow season, for 308 

interspersed cloudy sky conditions, due to differences in cloud cover fraction,      expresses a 309 

non-monotonic trend with latitude at most vegetation densities. In open areas and sparse forests, 310 

     is the largest for Prince Albert, followed by Buffalo Narrows, Greenville, Trout Lake, 311 

Indian Mountains and Chulitna. However, in very dense forests, the contribution of the 312 

shortwave radiation and the incoming longwave radiation from sky are small and hence the 313 

    ’s trend with latitude in interspersed cloudy sky conditions is the same as in clear sky 314 

conditions. The range of variation in      is smaller at lower latitude sites (e.g. Greenville, 315 

Prince Albert and Buffalo Narrows) than at higher latitude sites (e.g. Chulitna and Indian 316 

Mountains). This is because at higher latitudes, the difference in net radiation between open 317 

areas and very dense forests is large due to smaller contribution from     , especially at sparse 318 

densities. Because of relatively modest contribution of      on     ,      is generally the 319 

largest in dense forests at five out of six considered sites.         varies from 23.8      to 320 

31.2      across the six locations.         shows a much wider variation across the six sites, 321 

with maximum and minimum         being equal to 1.1      and 23.4      respectively. 322 

The density at which      is minimum (    
  ) generally increases with decreasing latitude 323 

from     
  ≈0.01     at Indian Mountains (latitude = 66.0 ºN) to     

  ≈0.085    at Prince 324 

Albert (latitude = 53.2 ºN). Greenville (latitude = 45.5 ºN) is exception to this trend, as         325 

is again expressed in very sparser forests at the site.  326 

3.3.2. On a sloping forest floor: Variation of      with vegetation density for snow seasons 327 

with completely clear or interspersed cloudy conditions The trend of      with vegetation 328 
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density changes with both slope and aspect. For south-facing hillslopes in clear sky conditions, 329 

     and hence      increases with increasing slope angle, resulting in an increase in     
   at 330 

all locations (Figure 6). The changes in      with slope angle are larger in sparse forests than 331 

in dense forests. In relatively dense forests (   >0.12    ), the changes in net shortwave and 332 

longwave components cancel each other out, and hence      becomes less sensitive to 333 

vegetation density, particularly for higher slopes where the rate of changes in longwave and 334 

shortwave components are equal (slope≥30°). Similar to level forests, maximum      is 335 

observed in relatively sparse forests (    
  ≈0.02-0.03   ) for all south-facing slopes. Compared 336 

to level forests in mid- to high-latitude sites, for which the magnitude of         to net 337 

radiation in open areas (        ) increases with increasing site’s latitude (from 48% in 338 

Greenville to 82% in Indian Mountains, see Table 3), this fraction for south-facing hillslopes 339 

(slope=15°) varies from 40% in Greenville to 65% in Indian Mountains (see Table 4). In 340 

contrast, the fraction of         to net radiation in very dense forest (         ) at different 341 

sites show a decreasing trend from 90% to 47% in level forests (Table 3) and 95% to 70% for a 342 

15° south-facing hillslope (Table 4).  343 

Differences in aspect of forested hillslopes also cause variability in the trend of      344 

with vegetation density and latitude. With aspect of the hillslope changing from south to 345 

east/west and then to north in clear sky conditions,      remains almost constant (a minor change 346 

is experienced due to changes in tree crown and trunk temperatures with changes in insolation) 347 

while      decreases, resulting in a decrease in     . The rate of decrease in      with aspect 348 

is stronger in open areas with respect to dense forests. As a result,      gradually becomes the 349 

dominant component for north-facing aspects; and hence,      is more likely to follow an 350 

increasing trend with increasing vegetation density. For example, non-monotonic variability of 351 



18 
 

     with vegetation density at high latitude sites become strictly monotonically increasing for 352 

north facing slopes (Figure 6, leftmost column). Aspect also affects the influence of variation of 353 

     with vegetation density. Since increase in slope angle leads to increase/decrease in      354 

on south/north facing slopes, especially at lower vegetation densities,      shows a stronger 355 

decreasing/increasing trend for south/north facing hillslopes at larger slope angles. This is 356 

distinctly apparent on north facing slopes for which      is monotonically increasing for two 357 

out of six location on a 15º slope but increases monotonically at all six locations on a 45º slope. 358 

Similarly, on south facing hillslopes with slope=15º, the minimum radiation occurs at 359 

intermediate densities for five out of six study locations (Prince Albert, Buffalo Narrows, Trout 360 

Lake, Chulitna, Indian Mountains), however, the minimum radiation for slopes=45º, occur in 361 

very dense forest at all six considered sites because of a decreasing trend in      (see Figure 6). 362 

Since      shows only mild variations with latitude, forests with steeper slopes on north-facing 363 

aspects are less sensitive to changes in latitudinal location with respect to forests with south-364 

facing aspects and on lower slopes.  365 

For scenarios with interspersed cloudy sky conditions in snow season, in very sparse 366 

vegetation densities on south-facing slopes (e.g. slope=15º in Figure 7), Prince Albert and 367 

Buffalo Narrows show largest     s among the study locations, due to large shortwave 368 

contribution.      decreases from Greenville to Trout Lake, Indian Mountains and Chulitna. 369 

For south-facing slopes, the existence of a minimum net radiation at intermediate densities was 370 

observed at four out of six study locations (Greenville, Prince Albert, Buffalo Narrows and Trout 371 

Lake). Because of the increase in     , the minimum shifts toward dense forests with increasing 372 

slope angle at these sites. Since longwave radiation dominantly controls      at high latitude 373 

sites (e.g. Chulitna and Indian Mountains; see Figure 7),      shows a steady increasing trend 374 
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with vegetation density for all slopes and aspects at high latitudes. With changing aspect of the 375 

sites towards north, shortwave radiation contribution becomes marginal (see Figure 6); and 376 

hence, the variability of      with vegetation density becomes monotonically increasing with 377 

little sensitivity to site location. As a result, for northern aspects,      is maximum in dense 378 

forests. 379 

4 Summary and Conclusion 380 

The study illustrates the role of latitudinal location of the forest and associated metrological 381 

conditions on the magnitude and variability of net radiation on snow-covered forest floor, for a 382 

range of vegetation densities, slopes and aspects. The results in level forests for clear sky 383 

conditions showed that the rate of decrease in net shortwave radiation with increasing latitude is 384 

greater than changes in net longwave radiation caused by temperature drop. As a result, the 385 

variability of net radiation with latitude at locations with vegetation density less than 0.04     386 

are controlled by shortwave radiation, while in denser forests (density ≥ 0.14    ) the variation 387 

is dominated by longwave radiation trend, which in turn is dominantly influenced by site 388 

temperature. Variation of net radiation with latitude in forests with intermediate densities 389 

(0.04    <   <0.14    ) are controlled by both shortwave and longwave radiation 390 

components (see Figure 5). Minimum net radiation is more likely to occur at lower vegetation 391 

densities for sites at higher latitudes. For the considered sites, the minimum net radiation occurs 392 

at intermediate densities from 0.08     to 0.12    . The range of variation in net radiation 393 

between open areas and very dense forests, however, first decreases and then increases with 394 

increasing latitude. Sky cloudiness affects the variations in net radiation with vegetation at all 395 

locations by markedly reducing shortwave radiation, especially in sparse forests. As a result, for 396 
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snow seasons with interspersed cloudy sky conditions, shortwave radiation is no longer the 397 

dominant energy component (even in very sparse forests) and longwave radiation becomes the 398 

dominant component for a wider range of vegetation densities (   >0.13    ) than in clear sky 399 

conditions (Figure 5-b). Since the variability of longwave radiation across different locations is 400 

small, net radiation is only mildly sensitive to site location in very dense forests (   >0.14    ), 401 

for both clear and interspersed cloudy sky conditions. In these regions, site temperature data 402 

(temperature magnitude and its temporality) plays the main role in magnitude of net radiation 403 

reaching the forest floor. In spite of aforementioned changes in radiation contributions due to 404 

interspersed sky cover, the density at which radiation is minimum still generally increases with 405 

decreasing latitude. Notably, the range of net radiation across the six sites is relatively small for a 406 

wide range of vegetation densities in interspersed cloudy snow season. 407 

The obtained results also explain how net radiation and its variability with vegetation 408 

density vary with changes in site topographical characteristics (slope and aspect), in mid- to 409 

high- latitude forests. On south-facing forested hillslopes, the shortwave radiation remains the 410 

primary radiation component in regions with vegetation density less than 0.05    , while the 411 

longwave component is the dominant control in areas with vegetation density larger than 412 

0.13    . As aspect of forested hillslope changes from south-facing to north-facing, the 413 

shortwave-dominant region becomes narrower, with vegetation density less than 0.02     for 414 

clear sky conditions. Longwave radiation, on the other hand, becomes dominant for a wider 415 

range of vegetation densities (   >0.12    ), particularly in higher slopes (see Figure 6). The 416 

changing contribution of radiation components on south facing hillslopes results in vegetation 417 

density at which radiation is minimum (    
  ) to increase with slope angle at all locations. 418 

However, the trend is opposite for north facing aspects where with increase in slope angle, 419 
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minimum radiation is obtained at smaller densities. In interspersed cloudy sky conditions, 420 

longwave radiation and hence site climatological characteristics become the main contributing 421 

components for a wider range of vegetation densities (   >0.11    ) with changing the slope 422 

and aspect toward the north. Notably, only south-facing mid-latitude sites with relatively low 423 

cloud cover exhibit a non-monotonic      with changing vegetation density. Other site 424 

conditions result in a monotonically increasing radiation with increasing vegetation density. The 425 

range of net radiation across the six sites in interspersed cloudy snow season is relatively smaller 426 

than in clear sky conditions, for all slope angles and aspects. In spite of these changes in 427 

radiation contributions due to interspersed sky cover, the density at which radiation is minimum 428 

still generally increases with decreasing latitude on south facing slopes. On north facing slopes 429 

however, because of longwave dominance at all densities, net radiation is minimum in open 430 

areas and very sparse forests.  431 

These results suggest that occurrence of a radiation minimum, the density at which it 432 

happens, the range of variation in radiation with vegetation density, and dominance of individual 433 

radiation components depends on the location, climate, slope and aspect of the site. The location 434 

based dependencies on net snow cover radiation have implications on prioritization of 435 

observation resources, parameterizations of water and energy fluxes and in forest management. 436 

Based on the latitudinal, topographic and meteorological configurations, one can decide on 437 

which radiation component between longwave or shortwave measurements should be first made. 438 

Presented results regarding the role of density of vegetation in determining net snow cover 439 

radiation, and how the said relationship is a function of latitudinal controls and associated 440 

meteorological characteristics, may guide future work to include a vegetation density dependent 441 

water balance and energy parameterization in coarse scale models (e.g. Community Earth 442 
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System Model, CESM). Results could also be used for quantification of the uncertainties in 443 

energy and melt estimation. The results could be applied to support optimal forest management 444 

practices to obtain the desired net radiation and hence melt regime on the forest floor by altering 445 

vegetation densities. At locations where stocking/thinning of trees has to be undertaken, density 446 

could be managed to achieve the minimum radiation, which as the results show will happen at 447 

sparser densities in high-latitude forests. The monotonically increasing trend of net radiation 448 

with vegetation density at all six selected sites on north-facing hillslopes indicates that thinning 449 

of trees can be performed to minimize the snowmelt rate for a wide range of locations. In 450 

contrast, planting of trees in large gaps to increase the density of trees could also be used as an 451 

effective strategy to reduce net radiation, and hence the melt rate, on south-facing hillslopes in 452 

mid-latitude areas. The results also suggest that the largest potential for reduction in energy 453 

through forest management is on south facing hillslopes at lower latitudes. However, the 454 

reduction in energy is expected to be relatively muted with increasing cloud cover.  455 

456 
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Figures: 548 

Figure 1. Spatial distribution of white spruce in North America. The six locations considered for 549 

analyses (see Table 1) are also identified (image has been modified based on the original map 550 

from www.usgs.gov). 551 

Figure 2. Variations of net shortwave radiation on level forests with vegetation density at 552 

different sites in: (a) clear and (b) interspersed cloudy sky conditions. Legend lists the sites in 553 

increasing order of latitude from top to bottom. 554 

Figure 3. Variations of net shortwave radiation with vegetation density at different sites for 555 

different slope angle and aspect of the forested hillslope in: (a) clear and (b) interspersed cloudy 556 

sky conditions. Legend lists the sites in increasing order of latitude from top to bottom. 557 

Figure 4. Variations of net longwave radiation on level forests with vegetation density at 558 

different sites in: (a) clear (inset: seasonal average air temperature), and (b) interspersed cloudy 559 

sky conditions. Legend lists the sites in increasing order of latitude from top to bottom. 560 

Figure 5. Variations of net radiation on level forests with vegetation density at different sites in: 561 

(a) clear and (b) interspersed cloudy sky conditions. Sites are listed in increasing order of 562 

latitude. The red and green bands indicate the vegetation densities for which shortwave (      563 

     >5) and longwave (           >5) radiation components dominantly control the variation 564 

with latitude, respectively.   denotes the range of respective energy component across all six 565 

sites. 566 

Figure 6. Variations of net radiation with vegetation density at different sites for different slope 567 

angles and aspects of the forested hillslope in clear sky conditions. Sites are listed in increasing 568 
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order of latitude. The red and green bands indicate the vegetation densities for which shortwave 569 

(           >5) and longwave (           >5) radiation components dominantly control the 570 

variation with latitude, respectively.   denotes the range of respective energy component across 571 

all six sites. 572 

Figure 7. Variations of net radiation with vegetation density at different sites for different slope 573 

angles and aspects of the forested hillslope in interspersed cloudy sky conditions. Sites are listed 574 

in increasing order of latitude. The red and green bands indicate the vegetation densities for 575 

which shortwave (           >5) and longwave (           >5) radiation components 576 

dominantly control the variation with latitude, respectively.   denotes the range of respective 577 

energy component across all six sites. 578 



Table 1. Geography of the study sites 

Site NCDC code Latitude (ºN) Longitude (ºW) Elevation (m) 

Greenville, ME, USA KGNR 45.5 69.6 423 

Prince Albert, SK, Canada CYPA 53.2 105.7 428 

Buffalo Narrows, SK, Canada CYVT 55.8 108.4 440 

Trout Lake, BC, Canada CWTE 60.4 121.2 498 

Chulitna, AK, USA PAEC 62.8 149.9 411.5 

Indian Mountains, AK, USA PAIM 66.0 153.7 388.9 

  



 

Table 2. Climatological characteristics of the study sites 

Site 

Observation 

period 

Seasonal average air temperature 

(ºC) 

Seasonal cloud cover 

(%) 

Greenville 1982-2012 -1.2 56 

Prince Albert 1955-2012 -4.8 53 

Buffalo 

Narrows 

1979-2012 -4.5 53 

Trout Lake 1994-2012 -8.5 51 

Chulitna 2006-2012 -3.4 68 

Indian 

Mountains 

2005-2012 -9.3 69 

  



Table 3. Minimum and maximum net radiation compared to radiation in open (        ) and 

very dense (         ) areas for level forests at different locations 
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Greenville 0.12 27.7 0.02 58.2 56.9 30.8 

Prince Albert 0.11 21.5 0.02 38.7 37.1 27.6 

Buffalo Narrows 0.1 21.1 0.02 34.4 32.7 28.7 

Trout Lake 0.09 13.6 0.02 23.8 22.1 23.6 

Chulitna 0.08 10.4 0.17 23.3 14 23.3 

Indian Mountains 0.08 12.7 0.17 26.9 15.4 26.9 
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Greenville 0.01 
23.4 0.17 31.2 23.4 31.2 

Prince Albert 0.09 21.5 0.17 28.1 26.7 28.1 

Buffalo Narrows 0.08 21.2 0.17 29.1 25 29.1 

Trout Lake 0.07 13.3 0.17 24 15.3 24 

Chulitna 0.01 1.1 0.17 23.8 1.1 23.8 

Indian Mountains 0.01 5.9 0.17 27.3 5.9 27.3 

  



Table 4. Minimum and maximum net radiation compared to radiation in open (        ) and 

very dense (         ) areas for south-facing forests with slope=15º at different locations 
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Greenville 0.13 29.7 0.02 75 73.5 31.1 

Prince Albert 0.12 24.8 0.02 55.9 54.1 28.1 

Buffalo Narrows 0.12 25.2 0.02 51.6 49.6 29.1 

Trout Lake 0.11 18.6 0.02 40.2 38.3 24 

Chulitna 0.11 16.5 0.03 32.1 29.3 23.6 

Indian Mountains 0.1 19.1 0.03 31.9 29.1 27.2 
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 c

lo
u
d
y
 s

k
y

 

Greenville 0.11 27.4 0.04 33.6 30.9 31.4 

Prince Albert 0.11 24.5 0.02 38.7 37.5 28.4 

Buffalo Narrows 0.11 24.9 0.02 37.4 36.2 29.4 

Trout Lake 0.1 18.2 0.03 27.5 26 24.2 

Chulitna 0.01 6.1 0.17 24 6.1 24 

Indian Mountains 0.01 10.3 0.17 27.5 10.3 27.5 

  



  

Figure 1. Spatial distribution of white spruce in North America. The six locations considered for 

analyses (see Table 1) are also identified (image has been modified based on the original map 

from www.usgs.gov). 

  



(a) (b) 

Figure 2. Variations of net shortwave radiation on level forests with vegetation density at 

different sites in: (a) clear and (b) interspersed cloudy sky conditions. Legend lists the sites in 

increasing order of latitude from top to bottom. 

  



(a) 

 
(b) 

 
Figure 3. Variations of net shortwave radiation with vegetation density at different sites for 

different slope angle and aspect of the forested hillslope in: (a) clear and (b) interspersed cloudy 

sky conditions. Legend lists the sites in increasing order of latitude from top to bottom. 



 

(a) (b) 

Figure 4. Variations of net longwave radiation on level forests with vegetation density at 

different sites in: (a) clear (inset: seasonal average air temperature), and (b) interspersed cloudy 

sky conditions. Legend lists the sites in increasing order of latitude from top to bottom. 

  



(a) (b) 

Figure 5. Variations of net radiation on level forests with vegetation density at different sites in: 

(a) clear and (b) interspersed cloudy sky conditions. Sites are listed in increasing order of 

latitude. The red and green bands indicate the vegetation densities for which shortwave (      

     >5) and longwave (           >5) radiation components dominantly control the variation 

with latitude, respectively.   denotes the range of respective energy component across all six 

sites. 

  



 

Figure 6. Variations of net radiation with vegetation density at different sites for different slope 

angles and aspects of the forested hillslope in clear sky conditions. Sites are listed in increasing 

order of latitude. The red and green bands indicate the vegetation densities for which shortwave 

(           >5) and longwave (           >5) radiation components dominantly control the 

variation with latitude, respectively.   denotes the range of respective energy component across 

all six sites. 

  



 

Figure 7. Variations of net radiation with vegetation density at different sites for different slope 

angles and aspects of the forested hillslope in interspersed cloudy sky conditions. Sites are listed 

in increasing order of latitude. The red and green bands indicate the vegetation densities for 

which shortwave (           >5) and longwave (           >5) radiation components 

dominantly control the variation with latitude, respectively.   denotes the range of respective 

energy component across all six sites. 

 


