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Winter albedo in boreal forest is overestimated in 

many models, affected by snow masking by forests, 

but also by the canopy-snow parameterization 

• Roesch (2006) found that for 18 models in the IPCC Fourth 

Assessment Review (AR4): 

– Range in winter/early spring albedo 0.4; most models showed a positive bias 
 

• Thackeray et al. (2014) found a lack of snow unloading at T < 0°C   

     and an instantaneous unloading of all snow at T > 0°C resulted in a  

     negative bias in simulated April-May SAF in the boreal forest in the 

     Community Climate System Model. 
 

        SAF: amount of additional net shortwave radiation at the top of the atmosphere as surface   

                 albedo decreases in response to a 1°C increase in surface air temperature. 

 

• Qu and Hall (2014) found a fivefold spread in SAF across 25 CMIP5 

models. 
– This accounts for much of the spread in 21st century warming of Northern 

Hemisphere land masses among CMIP5 models. 

3 



MODIS 

CanAM4.2 

Canadian model underestimates 

winter clear-sky surface albedo 

in boreal forest (March 2000-2008) 

Forest leaf type distribution (from Loranty et al. 2014) 

(Courtesy Libo Wang and Jason Cole) 

CanAM4.2 (bottom right) underestimates 

the March albedo in areas of the boreal 

forest dominated by ENF. MODIS values 

are shown in the top right. 
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Snow Interception/unloading in CLASS 2.7 and 3.6 

2.7: Simple interception, small capacity. no unloading 

3.1-3.6: Pomeroy & colleagues, increased capacity 

CLASS 2.X: Simple interception based on gap fraction 

 Interception capacity I* = 0.2L, the same as for water; No unloading 

 Fraction of the canopy covered with snow fsnow modelled as I/I* 

 

CLASS 3.1: Intercepted snow:  I1 = I0 + (I* - I0)(1 – exp(-(1-c)S/I*)) 

       Unloading:                I = I1 exp(-Ut) (Hedstrom & Pomeroy, 1998; Pomeroy et al. 1998)). 

 

    I0: intercepted snow load at start of time step        

    I1: intercepted snow load after interception but before unloading 

    I*:  interception capacity 

    c:  gap fraction or sky view factor 

    S: snowfall amount  

    U: unloading rate coefficient initially set to 0.1 days-1 

    U-1: e-folding time of the unloading process (10 days)  

    t:   model time step (usually 30 min) 
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• fsnow and albedo response muted because I rarely approaches I*  

• evidence from photographs suggested that unloading was too slow 



Old Black Spruce: 2004-05
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Observed and simulated albedo with CLASS 2.7 and 

CLASS 3.6 interception/unloading algorithms within 

CLASS 3.6 at the BERMS OBS forest in Saskatchewan. 

• CLASS 2.7 shows a larger response to snowfall but albedo peaks are too 

small in mid-winter and the lack of unloading results in a rather static 

albedo during periods of frequent snowfall. 

• CLASS 3.6 shows a muted albedo response to snow (fsnow rarely 

approaches 1.0) and a winter albedo that is too small. 
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MacKay & Bartlett, 2006: Unloading rate derived from 

daily albedo (e-folding time = 1-2 days), I required to 

refresh fsnow much smaller than I* 
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Scatter shows that the residence 

time of snow on the canopy varies 

• BERMS OBS and OJP forests. 
 

• Response of daily albedo to 

  snowfall events analyzed. 

• Ground was snow-covered 

 to isolate canopy response. 

 

• U-1 ~ 1  day  at  OBS 
       (droopy branches) 

           ~ 2 days at OJP         
 

Default e-folding time in CLASS 

is U-1 = 10 days (too slow) 

 

Employed fsnow = max (1, I/2.0 kg m-2) 



Field sites: BERMS Old Black Spruce (OBS) 

& Old Jack Pine (OJP) forests in Saskatchewan 

• Mature forests 

• Lt ~ 4.0 (OBS), 2.7 (OJP) 

• Hcanopy = 12 m (OBS), 14 m (OJP) 

• Soil: peat on sand loam (OBS) and sand (OJP) 

• 7 year simulations (Sept. 1998 – Aug. 2005) 
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Methodology: Estimate canopy snow load and 

coverage using ~1500 photos from 2002-2005 and 

calculate unloading rates between subsequent photos 

• Photos viewed in random order. 
 

• Estimated relative interception load 

 (I/I*), and fraction of canopy with  

 snow cover (fsnow) (10 pt. scale). 
 

• Unloading rates calculated as: 

 

       U = -ln                   Dt-1 

 

• Relationship between I/I* and fsnow 
examined and used to assess 
behaviour of albedo. 
 

• Behavior of U assessed with 
respect to weather variables to 
model unloading rate. 

DOY 296, 2003 14:49 CST DOY 297, 2003 10:49 CST 

DOY 297, 2003 14:49 CST DOY 298, 2003 10:49 CST 

DOY 298, 2003 14:49 CST DOY 299, 2003 10:49 CST 
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Concerns: Subjective bias in estimations from photos 

         Only two sites, precipitation data 

To assess subjective bias: 

• 2nd person evaluated a subset of 182 photos and results compared 

– For I/I* slope = 0.91, r² = 0.95, for fsnow slope = 0.95, r² = 0.96 
 

• Photos showing complete ground snow cover converted to B/W and a mask 

overlaid to block much of the snowpack and lower tree boles. Proportion of 

white pixels counted (results stratified by sky conditions into ‘sun’ (shadows 

visible) and ‘overcast or diffuse’: 

– Diffuse: white pixel proportion explains 71 and 83 % of variance in I/I* and fsnow 

at OBS and 85 and 75 % at OJP. 

– Sun: white pixel proportion explains 29 and 37 % of variance in I/I* and fsnow at 

OBS and 4 and 10 % at OJP. 

– Pixel-counts may not be reliable with significant direct-beam radiation where 

mutual shading complicates reflectivity. 
 

• Recent studies have employed subjective estimates (Stähli et al. 2009) and 

white pixel count (Garvelmann et al. 2013) to derive relative interception 

load. 
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Survey of reported winter albedo values for needleleaf forests 

shows a wide range in albedo response to canopy snow 

Albedo increase as a result of snow on the canopy: 0.015 to 0.30. 
 

Albedo values with snow on the canopy: 0.135 to 0.43  

     or for snow-covered canopy:  < 0.2 to 0.43 

11 



Observed shortwave and visible (PAR) albedos at the OBS and 

OJP forests with varying amounts of relative intercepted snow 

load (I/I*) and canopy coverage (fsnow) estimated from photos. 

Snow free:  shortwave (0.088, 0.099), PAR (0.036, 0.042) 

SCG - Bare can: shortwave (0.105, 0.175), PAR (0.061, 0.100) 

SCG - I/I* > 0.8:  shortwave (0.227, 0.301), PAR (0.192, 0.238) 
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PAR sensor used to measure incoming PAR or visible 

radiation (left) and pyranometer used to measure 

incoming shortwave radiation (right) at OJP forest 

Confidence in winter 

PAR albedos is not high. 

• During warm months, 

the ratio of incoming 

PAR (µmol m-2 s-1) to 

K is stable. 

• During winter, this ratio 

     is quite variable. 

• The pyranometers are 

     equipped with  

     ventilators, but the 

     PAR sensors are not 

     and are much more likely to be affected by intercepted snow or frost. 
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Albedo of a coniferous canopy with snow: tuning 

CLASS requires a canopy albedo that includes the effect of mutual shading 

within the canopy but not of gaps that extend to the ground. 
 

• Suzuki and Nakai (2008) reported a shortwave albedo of ~0.4 over a (PAI ~ 6.0) 

   snow-covered todo fir forest. In this dense, even-aged plantation, mutual shading of  

   snow-covered tree crowns is less likely than in a stand with a variable tree height. 

 

• Moody et al. (2007) provided a range of spectral albedo values for various snow- 

   covered surfaces derived from MODIS data. These values are affected by gaps, and  

   canopy snow extent cannot be ascertained. 

 

• We employed the canopy albedo and transmissivity algorithms in CLASS to match 

   the mean observed bare-canopy albedo and the mean observed snow-covered  

   canopy albedo plus one standard deviation, obtaining aVIS,cs = 0.27 and aNIR,cs = 0.38 

   increased from 0.17 and 0.23, respectively. 
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Effect of density representation over snow (Extreme example): 

 

Common ENF canopy: 
   PAI=3.2. FVEG=1.0, Bare canopy: aVIS=0.05, aNIR=0.17, Snow-covered: aVIS=0.23, aNIR= 0.33 

Sparser ENF canopy: 
   PAI=1.6. FVEG=1.0, Bare canopy: aVIS=0.12, aNIR=0.21, Snow-covered: aVIS=0.24, aNIR= 0.32 

Distributed into denser areas and gaps: 
   PAI=3.2. FVEG=0.5, Bare canopy: aVIS=0.37, aNIR=0.32, Snow-covered: aVIS=0.47, aNIR= 0.40 

 

Supports the argument of Essery (2013) that the interpretation of land cover data can have an 

important effect on the simulated albedo. Knowledge of the gap-size distribution in current land cover 

datasets might prove useful for improving simulated albedo. 

 

 

Values for bare canopy, PAI=3.2, FVEG = 0.5 with a bare canopy (most common winter state) are, 

perhaps coincidentally, in close agreement with values reported for open needleleaf forest in Canada 

(Davidson and Wang, 2005). 

Sample calculation using CLASS algorithms showing 

the effect of different canopy density representations 
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Conceptual diagram of snow interception by 

needleleaf trees.  

Snow first sticks to branches and needles, bridging small gaps. 

As larger gaps are bridged, plan area and interception efficiency increase. 

Eventually branch bending under the weight of heavy snow decreases 

efficiency and increases likelihood of unloading. 
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Fractional canopy coverage modelled based 

on effective depth of new interception 

Effective depth of new interception required to 

cover needles and close shoots (to raise the 

canopy albedo to its maximum):  zI* 
 

• Assumes that unloading takes place from the side of 

the big-leaf canopy. 

• We assumed that zI* is found near the point of 

maximum interception efficiency (gaps bridged). 
 

     Schmidt and Gluns (1991) derived a value  

     for P0 (3.7 kg m-2) the accumulated snowfall 

     during a snow event at which the maximum 

maximum interception efficiency is achieved. 
 

We estimated zI* as               ~ 3 cm (rough estimate) 
 

If new interception occurs in a time step: 

fsnow(t) = fsnow(t-1) + (1-fsnow(t-1))·min(1,zI/zI*) 
 

             where zI = In / (rs(1-c)) 
 

Otherwise: 

fsnow(t) = I/Ir where Ir is I/fsnow from the last peak in I. 

P0 (I/P) 

rs(1 – c) 

I/P ~ 0.4 (Hedstrom and Pomeroy) 

                (interception efficiency) 

rs ~ 70 kg m-3 (snow density) 

c = 0.3 (sky view factor) 

In mass of newly intercepted snow 

zI is depth of new interception 
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Conceptualization 



Modelling Unloading rate: Plot U against 

binned meteorological variables and fit curves 

• When I/I* or fsnow are small, calculated values of U are large.  

– Therefore, photos were excluded from the analysis if the first 

photograph in a pair showed I/I* or fsnow < 3/10. 
 

• If new precipitation occurred between subsequent photographs an 

unloading rate was not calculated for that period. 
 

• Averages of global solar radiation (K), total incoming radiation (Q), 

air temperature (Ta), and wind speed at the canopy top (uc) were 

calculated for the period between each pair of photographs. 
 

• Values of U were plotted as binned averages  

 (± standard error) against each of the above variables. 
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Average unloading rate coefficient (U) ± SE against binned values 

of incoming solar radiation (K), total incoming radiation (Q), air 

temperature (Ta) and wind speed at the canopy top (uc) 
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Daytime (dashed lines) unloading 

rates were considerably faster, 

suggesting that the combined 

influence of weather variables may 

be important. 

 

Sample size too small at high 

energy levels to elucidate 

multivariate effects (note large SE). 

 

Relationship with K may be 

affected by cold high pressure 

systems, associated with clear 

skies. 

 

Linear and exponential models for U 

were tested in CLASS 3.6. 
Daytime unloading rates fitted with dashed lines, 

nighttime rates with dotted lines and combined 

rates with solid lines. 



Broaden the test base with SnowMIP2 sites 

Two sites that were part of the 2nd Snow Model 

Intercomparison Project (SnowMIP2) were added 

 

Alptal forest, Switzerland: 

• Subalpine forest of Norway spruce and silver fir 

• 25 m tall, PAI = 4.2 

 

Hitsujigaoka forest, Japan 

• Boreal maritime forest of todo fir 

• Dense plantation 7 m tall, PAI = 6.0 
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Results: Observed and simulated monthly albedo 

using albedo algorithms from CLASS 2.7. CLASS 3.6 

and increased albedo values (aNew) ±0.05 

• CLASS 3.6 underestimates 

the winter albedo quite 

significantly. 

• The algorithms from CLASS 

2.7 perform somewhat 

better. Smaller I* value 

allows fsnow to refresh more 

quickly and the lack of 

unloading keeps canopy 

covered until snow 

sublimates or melts. 

• Even with new much larger 

albedo values for snow-

covered canopy, the winter 

albedo is underestimated in 

CLASS 3.6 (fsnow rarely 

approaches 1.0) 
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Frequent heavy snow 



Observed and simulated monthly albedo using increased albedo 

values (aNew) ±0.05, and modelling fsnow based on effective depth 

of new interception (zI) ranging from 1 – 5 cm. 

• Employing increased 

albedo values for snow-

covered canopy, and the 

new parameterization for 

fsnow increased the 

monthly albedo values to 

close to the observed 

range. 

 

• Unloading still employs an 

e-folding time of 10 days. 
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Results of testing models for U based on weather with 

new albedo (aNew) values and fsnow parameterization 

Using Willmott’s index of agreement (d) – varies from 0 to 1.0: 
           d 

Simulation     aVIS,cs aNIR,cs fsnow zI* Unloading     OBS    OJP    ALP    HIT 

  C2.7      0.17  0.23  I/I*   -  None      0.80    0.71    0.62    0.64 

  C3.6      0.17  0.23  I/I*   -  U = 0.1 d-1      0.57    0.62    0.58    0.55 

  aNew      0.27  0.38  I/I*   -  U = 0.1 d-1      0.77    0.75    0.82    0.74 

 fsnow,New      0.17  0.23  zI  3 cm  U = 0.1 d-1      0.77    0.72    0.64    0.68 

aNew, fsnow,New    0.27  0.38  zI  3 cm  U = 0.1 d-1      0.77    0.85    0.90    0.91 

       1       0.27  0.38  zI  3 cm  U = f(Q)      0.82    0.82    0.82    0.79 

       2            0.27  0.38  zI  3 cm  U = f(Ta)
      0.81    0.83    0.82    0.80 

       3            0.27  0.38  zI  3 cm  U = f(u)      0.80    0.81    0.91    0.91 

       4       0.27  0.38  zI  3 cm  U = f(Q,u)      0.82    0.81    0.86    0.85 

       5       0.27  0.38  zI  3 cm  U = f(Ta,u)      0.81    0.82    0.86    0.86 

       6       0.27  0.38  zI  3 cm  U = f(Q,Ta,u) 0.82    0.82    0.84    0.83 

       7       0.22  0.33  zI  3 cm  U = f(Q)      0.84    0.79    0.76    0.71 

       8       0.22  0.33  zI  3 cm  U = f(Ta,Roesch)  0.81    0.86    0.76    0.90 

       9       0.27  0.38  zI  1 cm  U = f(u)      0.73    0.80    0.93    0.93 

      10       0.27  0.38  zI  1 cm  U = f(u)d/n
      0.74    0.81    0.93    0.93 
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Observed and simulated daily albedo at OBS, 

OJP, Alptal and Hitsujigaoka forests with 

CLASS 3.6 and with new canopy albedo, 

coverage and unloading  parameterizations 

Muted albedo response in CLASS 3.6 is 

much improved with the new algorithms. 

 

Some snow events missed at OBS and OJP 

or possibly recorded late. 

 

Performance better at Alptal and Hitsujiaoka. 



Observed and simulated monthly albedo with CLASS 

3.6, and with new parameterizations for canopy 

albedo, fractional snow coverage and unloading. 

While short-term results may 

have been affected by 

precipitation gauge resolution 

and timing, seasonal results 

are markedly improved relative 

to the baseline CLASS 3.6 

simulations. 
 

Previous underestimations in 

the winter albedo and its 

variability (standard deviation) 

are much improved. 
 

Error bars about simulation 5 

show the range resulting from 

varying aVIS,cs and aNIR,cs by 

±0.05 (narrow cap) and zI* by 

± 2 cm (wide cap). Simulations 7-10 were regarded as the best at each site. 
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Error and error reduction (October – April) 

• The cross-site RMSE was reduced from an average of 0.058 in the 

baseline simulation of CLASS 3.6 to 0.038 in simulation 3 

(unloading based on wind speed). 

• The cross-site mean bias error (MBE) from CLASS 3.6 was -0.038 

(the value was negative for all sites). 

• The largest absolute cross-site mean bias error (MBE) from 

simulations 1-6 (excluding the best performances at each site) was 

0.02 while MBE values at individual sites ranged from -0.029 to 

0.023. 

• Simulation 3 had the smallest cross-site absolute MBE 0.011. 

 
(absolute values were used in the averaging to avoid cancelling positive and negative errors) 
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Conclusions 

• Incremental improvements in parameterizations may not improve performance: 
– Increasing the interception capacity in CLASS 3.1 relative to CLASS 2.7 was in agreement with 

the growing body of literature on snow interception, but resulted in a muted albedo response. 

– New snow covers the canopy more quickly than that represented by modelling fsnow as I/I*. 

• Increased values for the albedo of snow-covered canopy and more rapid 
refreshment of fractional canopy coverage by snow, resulted in improved 
simulated winter albedo, but improvement was better with both changes. 

• The rate of unloading of snow from the canopy followed expected patterns 
with faster unloading under high energy conditions. 

– The performance of unloading models varied from site to site 

– Interaction between canopy structural properties and weather variables may be important 

– Unloading based on wind speed provided the best performance based on a single parameter 
for modelling unloading 

– Ensemble averages of individual unloading algorithms provided more stable performance 
across sites 

• All of the simulations show much improvement in the simulated albedo relative 
to CLASS 3.6 
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