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Overview 

The albedos of snow and ice over a freshwater lake were measured in two separate 
field studies: (1) February 21 to March 16, 1996 and (2) December 17, 1996, to 
March 21, 1997. Both field studies were conducted on Ryan Lake, Minneapolis, 
Minnesota. 

Included herein (Section 1) is the report from the first winter field study. Two 
papers concerning the results of the second field study were submitted for publication and 
are included in Appendix A and B of this report. The titles of the manuscripts are (1) 
Snow and Ice Cover Albedos of a Winter Lake and (2) pyranometer Comparison in 
Measuring Snow and Ice Albedo. 

In addition to the albedo winter field study report, a number of short reports are, . 
included herein. The albedos measured during February and March of 1996 were for a 
limited waveband (0.4 to 1.1 J!m). Therefore, a set of adjustment equations were 
developed during the 1996-1997 field study which allowed the 1996 albedo data to be 
adjusted to the waveband of 0.4 to 2.8 J!m. The results of the adjustments are reported in 
Section 2. Section 3 gives the results of a literary search conducted to find the albedos of 
snow and ice at different wavelengths, specifically in the photosynthetically active 
radiation waveband of 0.4 to 0.7 J!m. During the 1996-1997 winter study, snow depths 
were measured over Ryan Lake. In Section 4 these data are reported and compared to 
snow depths measured over land. Lastly, in Section 5, the field observations from both 
winter field studies are reported along with selected photographs taken during each field 
study on Ryan Lake. 
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1. Snow And Ice Cover Albedos Of A Winter Lake 

Abstract: The albedos of snow and ice covers of a lake in Minnesota' were measured in 
February and March of 1996. A quasi steady~state relationship between albedo and air 
temperature showed an average snow albedo of 0.84 when air temperatures were below 
freezing and an average ice albedo of 0.38 when air temperatures were above freezing. 
The albedo quickly dropped from near 0.84 for snow to near 0.38 for a slushy ice surface 
when air temperatures climbed above freezing. Both the snow and the ice albedo 
exhibited some daily and long term decay. Decay equations for two types of snow albedo 
transitions were developed: (1) albedo decay due to the metamorphism of snow when air 
temperatures are below freezing (O°C), (2) albedo decay during snow melt when air 
temperatures are above freezing. 

1.1 Introduction 

Albedo refers to the ratio of reflected solar radiation to incoming solar radiation at 
a surface. It is a critical parameter for the surface heat balance in any part of the world. 
Radiative fluxes dominate the surface energy balance of many snow and ice covered 
regions, and the albedo has a controlling influence on the absorption of radiative energy 
in those regions (Conway et al. 1996). 

Radiation transmitted through the ice and snow cover of a lake is an energy source 
for both lake water temperature and photosynthesis of plants in the lake (Ellis and Stefan 
1989). The amount of radiation transmitted through the ice and snow cover depends in 
part on the depth of these covers and on the albedos of the snow andlor ice. Deterministic 
year-round lake water quality simulation models such as MINLAKE95 (Fang and Stefan 
1996a), use albedo in the winter energy balance to predict ice cover growth over fresh 
water lakes (Gu and Stefan 1990). Because the ice is at times snow-covered during the 
winter months, albedo values for both ice and snow are needed in the models. 

Snow albedo values can be found in the literature for snow on land or snow on sea 
ice. These values may also be appropriate for snow on lake ice if the snow cover is deep, 
but not necessarily if the snow cover is shallow (Male and Gray 1981). Albedos for ice 
are typically smaller than for snow and are variable with ice conditions (Bolsenga 1969, 
1977). For MINLAKE95 it was not clear whether the literature values for snow and ice 
albedos used in modeling were appropriate. Hence, a field study was conducted to 
measure the albedo of the snow andlor ice cover of a freshwater lake. 



1.2 Albedo 

The albedo of snow has been more widely studied than that of ice; however, many 
of the determinants of snow albedo may also be applicable to ice albedo. Snow albedo 
depends on the grain size, density, impurity content, and surface roughness of the snow 
(Male and Gray 1981). Sun angle (Dirmhirn and Eaton 1975; Warren 1982), cloud cover 
(Male and Granger 1981), and wind (Bergen et al. 1983) have also been shown to effect 
the albedo of snow. 

Albedos for freshly fallen, dry snow on land typically range from 0.80 to 0.87 
(Perovich et al. 1986; Baker et al. 1990; Conway et al. 1996). Depending on the ice type, 
ice albedos are reported to vary from 0.10 to 0.58 (Bolsenga 1969, 1977; Perovich et al. 
1986). 

The reflectance of ice or snow is made up of diffuse and specular components 
(Dirmhirn and Eaton 1975). When the reflecting surface of a material is rough, with 
irregularities on a scale comparable to or larger than the wavelength of light, reflection 
occurs not in a single direction but in all directions; such reflection is called diffuse 
reflection. Conversely, reflections in a single direction from smooth surfaces are called 
specular reflections. Usually, the specular component of the reflection of snow and ice is 
much smaller than the diffuse component; however, the effect of specular reflection may 
increase after melting and refreezing of a snow or ice surface. 

Snow and ice albedos have been observed to undergo both daily variations and 
long term changes. Albedo decay has previously been studied on snow-covered land 
(U. S. Army Corps of Engineers 1956; Dirmhirn and Eaton 1975; Baker et al. 1990), on 
sea ice (Curry et al. 1995) and on freshwater ice (Bolsenga 1977). 

According to Dirmhirn and Eaton (1975) daily variations in albedo measurements 
may be attributed to three factors: the varying contribution of specular reflection from 
the snow surface with solar angle, the metamorphism of snow (recrystallization on the 
surface and within the snowpack), the instrumental error due to the deviation of the 
pyranometer from the cosine law. 

The effects of specular reflection and· instrumental error on . albedo may both 
depend on the angle of the sun. Low solar angles increase the instrumental error and the 
effect of specular reflection (Warren 1982). 

The effect of the metamorphism of snow on albedo depends on the amount of 
radiation received by the snow cover (Dirmhirn and Eaton 1975). During the day as heat 
is applied to a snow cover by radiative and convective processes the many facets of the 
snow crystals are decreased. As the amount of light scattering· is decreased in the 
uppermost layer of snow, more· radiation is absorbed· and the albedo is reduced. This 
metamorphism of the snow is irreversible, i.e., the snow cannot recover overnight. 
However, overnight refreezing of the surface layer may increase the specular reflectance 
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of the surface so that morning albedo may be higher than the albedo of the previous 
evenmg. 

Long term albedo decay due to the metamorphism of snow has been documented 
more often than daily albedo variation. Albedo decay trends for deep snowpack (U. S. 
Army Corps of Engineers 1956) and shallow snowpack (O'Neill and Gray 1973) indicate 
that the decay for shallow snowpack is much more rapid than that for deeper snow 
because of the influence of the lower albedo of the ground beneath the shallow snow. 
Baker et. al. (1990), analyzed data for the albedo of terrestrial snow as it decayed and 
found that the linear equation 

a, = 77.0-2.0t (1.1) 

where a, ;=: albedo given as a percentage and t := number of days after a snowfall, 
described 90% of the variations in albedo for periods of albedo decay lasting seven days 
or less in March. They also developed a non-linear decay equation for the same data 
which described 88% of the variations in albedo: 

a, = 83-7t°.5 (1.2) 

Baker and Ruschy (1988, 1989) studied terrestrial snow albedo data from 
Minnesota for a 19-year period. They found three distinct albedo periods during the 
months of November to April: (1) introduction to winter when snowfalls begin to occur 
with low frequency and duration, (2) the high albedo season when fresh snow usually 
exists on the ground, (3) a transitional period in the late winter and early spring 
characterized by periods of snowmelt. The albedo decay equation used to describe 
albedo decay for the entire winter season of November to April by Baker et al. (1990), is 

a, = 85-6to.5 (1.3) 

1.3 Field Study 

A 22-day field study was conducted on Ryan Lake, Minnesota, in order to 
measure the albedo of the snow and/or ice cover of this lake. Ryan Lake (45~, 93°W) is 
located in the northwest area of Minneapolis, Minnesota. It has a surface area of 6.1 ha, a 
mean depth of 5. Om, and a maximum depth of 10.0m. 

The radiation sensors used were LI-COR LI-200SA Pyranometer Sensors which 
are sensitive to wavelengths of about 0.4 to 1.2 /lm which includes the photosynthetically 
active radiation range. The pyranometers were factory calibrated against an Eppley 
Precision Spectral Pyranometer to an uncertainty of ± 5%. 
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Two pyranometers were used in the study, one for incident radiation and the other 
for reflected radiation. These two instruments were calibrated against one another while 
facing upward. The measurements were within ± 2% prior to the beginning and after the 
conclusion of the field study. The pyranometers were mounted horizontally with one 
facing upward and the other downward. The latter was mounted 1.60 m above the lake 
surface, the height used by Baker and Ruschy (1988, 1989) in their albedo studies over 
land at a weather station about 13 km from Ryan Lake. The equipment was placed about 
40 meters from the eastern shore of the lake. This location was easily accessible from 
shore, and the ice and snow conditions were representative of the lake surface. 

Along with the radiation measurements air temperature measurements were taken 
and recorded every 5 minutes with a Campbell Scientific CRIO data logger. The 5 
minute record represented an average of values taken over that time period. In addition to 
these continuous measurements, weekly observations of snow depth and lake cover 
conditions were made during the study. 

The faces of the pyranometers were checked during each site visit to insure that 
snow and/or ice was not collecting on the upright pyranometer. The deposition of snow 
on the upright pyranometer could have resulted in the reduction of incident radiation 
measured and, therefore, caused an abnormal increase in albedo. Although such 
depositions were noted by Baker and Ruschy (1988), the upright pyranometer face was 
observed to be free of ice and snow during each site visit. This lack of snow deposition 
on the instrument may have been due to the absence of heavy snowfall during the study 
period. 

1.4 Results 

Figs. l.Ia through l.Id show the variations in albedo for each day of the study. 
The values plotted are for 5-minute intervals and were obtained by dividing the data from 
the downward-facing pyranometer by those from the upward-facing pyranometer. 

Average daily albedos were calculated in two ways. One method of finding the 
average daily albedo consisted of averaging the 5-minute interval albedo values between 
8:00 AM and 5:00 PM. These daylight hours included 97% of the measured total daily 
incident radiation and avoided the spikes in albedo which occurred near sunrise and 
sunset. Such aberrations in the albedo will be discussed later in the paper. The second 
method used to find the average daily albedo was to divide the total reflected radiation by 
the total incident radiation measured between 8:00 AM and 5:00 PM. The average daily 
albedos found using both methods are reported for comparison in Table 1.1. The mean 
difference between the two average daily albedos for each day of the study period is less 
than 1 %. Throughout the remainder of the paper average daily albedo refers to the 
average albedo obtained using the first method. 
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Throughout the study the average daily albedo of the lake cover ranged from a 
low of 0.30 to a high of 0.88. The first considerable day to day increase in albedo 
occurred between February 26 and 27 and coincided with a 0.8 cm snowfall on February 
27. The albedo again increased the following day when another 0.3 cm of snow fell. The 
lake remained snow-covered and the daily albedo stayed above 0.79 until March 11 when 
the air temperature climbed above freezing. A decrease in albedo from 0.70 to less than 
0.50 can be seen in Fig. 1.1c for this date. No more snow fell during the remainder of the 
study period; however, melting and refreezing of the snow, and possibly some lake ice, 
did result in further variations in daily albedo. 

In addition to the day to day variations in albedo, diurnal variations of albedo are 
also apparent in Figs. 1.la through 1.ld. An obvious variation in albedo occurred due to 
instrumental error at low solar angles of incidence. Spikes in the albedo were evident in 
both the early morning and early evening hours. As noted by Dirmhim and Eaton (1975) 
low solar angles of incidence at these times cause an instrumental error due to the 
deviation from the cosine law. Also, the trees, buildings and other obstacles surrounding 
the lake may have caused a filtering of the sunlight and, consequently, a variation in the 
incident radiation measured during the early morning and early evening hours. 

Often the albedo decayed throughout the day. This is attributed to the daily 
metamorphism of the snow cover and can be seen in Figs. 1.1 a through 1.1 d with the 
exception of snowfall days and days of melting and refreezing when the albedo increased. 
These days are identified in Table 1.1 by the amount of daily snowfall and/or the 
maximum, minimum and average daily air temperatures. 

Because the metamorphism of a snow cover has been reported to depend on the 
amount of radiation received by that snow cover (Dirmhim and Eaton 1975), a brief 
investigation was performed to see whether a relationship existed simply between the 
change in albedo and the total amount of radiation received during the day. From the 
data collected in this field study the change in albedo of the snow or ice cover throughout 
the day appeared to be umelated to either the total daily incident or reflected radiation. 

Fig. 1.2 gives the daily average albedos, the daily average air temperatures, and . 
the total daily snowfall depths as a time series. After each significant snowfall a peak and 
then a decay in albedo over the days following the snowfall occurred. Actually, three 
types of albedo transitions occurred during the study period from Julian Day 54 (February 
23) to Julian Day 75 (March 15). These periods of transition can be identified in Fig. 1.2. 
The first type is an albedo increase which occurred during a snow accumulation period 
when air temperatures were below freezing. This type of transition in lake cover albedo 
appears to have taken only 2 to 3 days beginning on Julian Day 57 (February 26). The 
albedo increased from 0.38 to 0.86 during that time. The second type of transition 
occurred after a snowfall when the albedo decayed due to the metamorphism of the snow. 
Two such albedo decay periods can be seen in Fig. 1.2 -- the first beginning on Julian 
Day 59 (February 28) and the second beginning on Julian Day 64 (March 4). The third 
albedo transition type took place between Julian Days 70 and 72 (March 10 and 12) as the 

5 



(a) 

6 8 10 12 14 16 18 20 

Time (hours) 

(b) 

100~r---------------------------~ 

80 

20 

6 8 10 12 14 16 18 20 

Time (hours) 

--23 Feb. 1996 

... _ - 24 Feb. 1996 
_____ -25 Feb. 1996 

-. .26 Feb. 1996 

- - 27 Feb. 1996 

._--.28 Feb. 1996 

__ 29 Feb. 1996 

_ _ _ 1 Mar. 1996 

_____ - 2 Mar. 1996 

- ,3 Mar. 1996 

- I 4 Mar. 1996 
__ 5 Mar. 1996 

Figure 1.1 a and 1.1 b Daily variations in snow and ice albedos measured on Ryan Lake 
from (a) February 23- 28, 1996 and (b) February 29 - March 5, 
1996. 
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Figure 1.1 c and 1.1 d Daily variations in snow and ice albedos measured on Ryan Lake 
from (c) March 6 - 11, 1996 and (b) March 12 - 15, 1996 . 
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air temperature rose to above freezing and the snow cover melted. The resulting rapid 
change in albedo was of the same magnitude as the albedo transition during the snow 
accumulation period. 

Although the albedo decay data collected in the Ryan Lake field study are limited 
at this time, snow albedo decay equations were developed for the second and third types 
of transition described above. For Tair<O°C the decay equation 

a = 86 - 2tO.5 (1.4) 

where a = albedo given as a percentage and t = the number of days after a snowfall day, 
describes the albedo decay due to the metamorphism of snow. It is similar to Eqs. 1.2 
and 1.3 and to equations which Fang and Stefan (1996) developed based in part on the 
results of this study. However, the albedo decay occurs more slowly than in the 
equations developed by Bakeret al. (1990). 

For Tai~O°C the data are described by the linear equation 

a = 86 - 251: (1.5) 

where: 
1: = the number of above freezing days following a period when the lake is snow-covered. 

It should be noted that the rapid albedo decay described by Equation 5 may be the result 
of little snow cover on the lake prior to' the days with above freezing temperatures. 

Fig. 1.3 shows the relationship between average daily albedo and average daily air 
temperature. Although the snow cover albedos do decay somewhat over time as 
expressed in Eqs. 1.4 and 1.5 above, it appears that a quasi steady-state can be used as a 
g<;>od approximation for the relationship between albedo and air temperature. However, 
this relationship between albedo and air temperature may be affected by the limited time 
period ofthe field study and the shallow depth of the snow cover on the lake (O'Neill and 
Gray 1973; Male and Gray 1981). 

The quasi steady-state relationship depends mainly on whether the air temperature 
is above or below freezing (O°C) and whether there is snow covering the ice. When the 
air temperature was below freezing and there was snow covering the ice, the mean of the 
daily average albedos was 0.84 with a standard deviation of 0.04. This value is slightly 
higher than the 0.80 mean terrestrial snow albedo found by Baker et al. (1990), for days 
following a snowfall. (Albedos of snow cover were ignored during transitional periods of 
snowmelt for the calculations.) In the case where the lake ice was not covered by snow 
the mean daily average albedo of the ice cover was 0.38 ± 0.07, which is lower than the 
average ice albedo of 0.43 found by Bolsenga (1977). The larger standard deviation for 
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February 23 to March 15, 1996. 
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the ice may be due to a larger variation in the type of ice which occurred, e.g., various 
mixtures of snow and ice. 

1.5 Snow and Ice Observations 

Snow and ice conditions on the lake were documented weekly throughout the 
study (See Table 5.1 in Section 5.). 

On March 8, 1996, a layer of clean, powdery snow over solidly packed snow 
covered the lake. A few scattered ice spots were also present. Photos 1 through 3 in 
Section 5, "Field observations and photographs," show examples of the dry snow cover. 
The depth of the snow on March 8 ranged from 0 to 15 cm. Trace amounts «0.25 cm) of 
snow fell on this date and 2 cm fell two days before on March 6. The March 8 average 
daily albedo of 0.86 was calculated from measurements collected over a section of the 
lake which was completely snow-covered. 

On March 15, 1996, after five days of above freezing daytime air temperatures, a 
slush mixture of water, snow and ice covered the lake. Photo 7 shmys the snow/ice 
mixture on the northeast side of the lake. The crack in the photo was approximately 6 cm 
wide, while the depth of the snow/ice mixture was about 7.5 cm. The March 15 average 
daily albedo of 0.51 was calculated from measurements collected over an area which was 
free of cracks in the snow/ice cover. 

1.6 Recommendations And Conclusions 

The albedos for snow and ice in the MINLAKE95 model were held constant at 
0.80 and 0.55, respectively, throughout the entire winter period (Fang and Stefan 1996a). 
In this field study it was found that the average albedo of the snow cover over a lake is 
0.84, or 0.04 greater than the value used in MINLAKE95. The average ice albedo is 
0.38, or 0.17 less than in MINLAKE95. All but one of the average daily ice albedos were 
measured at above freezing air temperatures. Hence, the ice albedos are characteristic of . 
a slushy, rough ice surface occurring in spring rather than of a smooth, clear ice surface 
which occurs more often in midwinter at below freezing temperatures. 

Both snow and ice albedos are somewhat variable depending on a number of 
factors including air temperature and time after snowfall. In order to better assess 
variations in snow and ice covers of a freshwater lake over time, e.g., albedo decay 
following snowfalls, longer-term studies will need to be performed. However, because a 
quasi steady-state appears to exist between albedo and air temperature, using constant 
values for snow and ice cover depending on the air temperature and snow cover may be 
sufficient for an ice cover model at this time. The rapid transition periods, i.e., when the 
air temperature changes from above freezing to below freezing or vice versa, can perhaps 
be ignored in order to simplify the modeling. 
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MINLAKE95 has been modified to include the ice albedo found in this study and 
the albedo decay due to aging snow and has been renamed MINLAKE96 (Fang and 
Stefan 1996b). Because the albedo decay equations used in the new model give albedos 
consistently lower than the measured albedo values and underestimate the magnitude of 
albedo decay when snow depth on the lake is shallow, it is recommended that the 
equations be modified. Eqs. 1.5 and 1.6 are suggested to describe snow albedo decay for 
Tair<OoC and Tai.->OoC, respectively. 

If constant values for snow and ice albedos are again adopted in the model, snow 
albedo should be held at 0.84 for below freezing air temperatures and ice albedo at 0.38 
for above freezing air temperatures. Sufficient data for ice albedos at below freezing air 
temperatures were not collected during this study, nor were measurements made for ice 
conditions other than snow/ice mixtures and refrozen slush (e.g., clear ice). However, 
based on ice albedo values from Bolsenga (1969, 1977) and the limited data collected 
here, an ice albedo less than 0.55 should be used when Tair<O°C. An ice albedo of 0.38 
for both above and below freezing air temperatures is recommended at this time. 
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2. Application of LI-COR Adjustment Equations to 1996 Albedo Data 

2.1 Introduction 

Snow and ice albedos were measured during a field study conducted on Ryan 
Lake in northwest Minneapolis from February 23 to March 16; 1996. The pyranometers 
used to measure incident and reflected radiation were photovoltaic sensors with a spectral 
sensitivity of 0.4 to 1.1 )lm. The pyranometers were manufactured by LI~COR. 

Because of the short duration ofthe 1996 field study, a second albedo study was 
conducted from December 17, 1996, to March f 1, 1997 (Benneman and Stefan, 1997 a 
and 1997b). The LI~COR manufacturer does not recommend that LI~COR pyranometers 
be used to measure reflected radiation because of their limited spectral response. 
Therefore, in the more recent study, thermopile pyranometers manufactured by Kipp and 
Zonen were used to measure incident and reflected radiation. These pyranometers have a 
spectral sensitivity of 0.3 to 2.8 )lm (the total short-wave band). 

During the second field study LI-COR pyranometers were also used to measure 
incident and reflected radiation over Ryan Lake. In this way the data from the LI-COR 
pyranometers, which have a limited spectral response, could be compared to data from 
the Kipp and Zonen pyranometers, which have a total short-wave spectral response. 
Equations were developed from the results of the data comparisons which allow the LI
COR radiation data to be adjusted to the total short-wave band. 

Herein, the adjustment equations developed from the data collected during the 
second field study (December 17, 1996 to March 21, 1997) are used to adjust the LI-COR 
data collected during the initial field study (February 23 to March 16, 1996). 
Additionally, predictions by the two albedo models developed in the second field study 
are compared to the adjusted LI-COR data from the initial study. 

2.2 Data Adjustments 

Eqs. 2.1 and 2.2 were developed to adjust both incident and reflected total daily 
radiation values measured by LI-COR instrumentation (Henneman and Stefan, 1997b). 
The equations adjust the LI -COR data (spectral response of 0.4 to 1.1 )lm) to total short
wave radiation data (0.3 to 2.8 )lm). 

Iincident = 1.0(LI-CORincidenJ - 0.12 (2.1) 
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I,.eflected = 0.90(LI~cORreflected) + 0.058 (2.2) 

where: 

Ijncident :=; adjusted total daily incident radiation (MJ m-2 day"l) for the waveband OJ to 
2.8 flm; 

Ireflected = adjusted total daily reflected radiation (MJ m-2 day"l) for the waveband OJ to 
2.8 /-Lm; 

LI~CORincident = total daily incident radiation (MJ m-2 day"l) as measured by LI~COR 
pyranometer for the waveband 0.4 to 1,1 flm; 

LI~CORreflected = total daily reflected radiation (MJ m-2 day"l) as measured by LI~COR 
pyranometer for the waveband 0.4 to 1.1 flm. 

Eq. 2.3 gives an adjusted albedo value and is the ratio of total daily reflected 
radiation (Eq. 2.2) to total daily incident radiation (Eq. 2.1). Eq. 2.3 was used to adjust 
the LI~COR albedo data collected from February 23 to March 16, 1996. 

Adjusted Albedo = 0.90 (LI ~ COR reflected ) + 0.058 
(LI - COR incident> - 0.12 

(2.3) 

The total daily incident radiation, total daily reflected radiation, albedo, and 
adjusted albedo are shown in Table 2.1 for each day of the study. Fig. 2.1 shows both the 
original albedo data and the adjusted albedo as a time series. The adjusted albedos are 
(:onsistently lower than the measured albedos. 

2.3 Model Application 

The predictions of the two models developed from the results of the second field 
study (December 17, 1996 to March 21, 1997) were compared to the adjusted albedo 
values calculated herein: Modell is described by Eqs. 2.4 through 2.6, while Model 2 is 
described by Eqs. 2.7 through 2.9 (Henneman and Stefan, 1997a). 

Eq. 2.4 of Modell and Eq. 2.7 of Model 2 were applied from February 23 to 
March 10, 1996, the nonmelt period. Eqs. 2.5 and 2.6 of Model 1 and Eqs. 2.8 and 2.9 of 
Model 2 were applied to the remaining days which were within the melt period. The 
albedo was set to 0.83 on a snowfall day for either model. 
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2.3.1 Modell 

Nonmelt Period: 

For all Tair values: 

a = - 0.0015R + 0.84 

Melt Period: 

a = 0.0029R - 0.009T + 0.95 

where: 
amin = minimum albedo = 0.38; 
a = daily albedo; 

a = a_l- 0.00036T 

a_I = albedo on previous day; 
R = accumulated incoming daily solar radiation since last snowfall (MJ/m2)*; 
T = accumulated daily air temperature index since last snowfall (OC) * ; 
Tindex = daily air temperature index = T air - T base; 
T air = average daily air temperature (oC); 
Tbase = -18°C; 

(2.4) 

(2.5) 

(2.6) 

* Solar radiation and temperature begin accumulating after a snowfall greater than 2.5 mm 
(0.1 in). 

The total daily incoming solar radiation data collected by the LI-COR 
pyranometer was adjusted by Eq. 2.1 before being used as input to Eqs. 2.4 and 2.5 in 
Modell. 

2.3.2 Model2 

Nonmelt Period: 

For all Tair values: 

a = - O.Olld + 0.83 (2.7) 
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Melt Period: 

a = a.1 - 0.17 (2.8) 

a = a.1- 0.013 (2.9) 

where: 
d;::::. number of days after snowfall. 

Fig. 2.2 compares the predictions by each model to the adjusted LI~COR albedo. 
Modell overpredicts the albedo during the melt period, and both models overpredict 
albedo for most days during the nonmelt period. 

2.4 Error Analysis 

Table 2.2 gives the results of the error analyses performed on the models. These 
results show that Model 2 does considerably better at predicting the adjusted albedo. The 
modeling efficiency (EF) of Model 2 is 0.89, compared to only 0.18 for Model 1. 
Model 2 also has a mean absolute error (MAE) of 0.058 while Modell has an MAE of 
0.088. 

2.5 Summary and Conclusions 

Snow and ice albedos were collected on Ryan Lake from February 23 to 
March 16, 1996, using aLI-COR photovoltaic pyranometer. The albedo data were 
adjusted using Eq. 2.3. The equation adjusts the spectral~response-limited LI-COR data 
to total short-wave radiation data. 

Albedo predictions by Model 1 and Model 2 developed from a longer-term field 
study (December 17, 1996 to March 21, 1997) were compared to the adjusted LI-COR 
albedos. Model 2 predicted albedo with a modeling efficiency of 0.89, while Modell 
only had a modeling efficiency of 0.18. 

Because only the LI-COR instrumentation was used during the initial field study, 
no total short-wave albedo data were collected from February 23 to March 16, 1996, on 
Ryan Lalce. Therefore, comparisons between the adjusted albedo data calculated herein 
and actual short-wave albedo values for that time period cannot be made. The adjusted 
albedo values are reasonable, although slightly lower than snow and ice albedos 
measured during the most recent field study. 
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Fig. 2.2 Adjusted LI-COR albedo and predictions from Modell and Model 2. Adjusted 
LI-COR albedo from field data collected on Ryan Lake, February 23 to March 
16, 1996. 
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Table 2.2. Mean absolute error, root mean square error, mean absolute percent error, 
and modeling efficiency for Model 1 and Model 2. Adjusted albedo from 
LI~COR albedo data collected on Ryan Lake, February 23 to March 16, 
1996. 

Statistical 
Parameter 

MAE 
RMSE 
MA%E 

EF 

Modell 
0.088 
0.19 
23 

0.18 

Model 2 
0.058 
0.069 

12 
0.89 

Mean Absolute Error (MAE) ;::::I IYi - YI I 
n 
..-------

Root Mean Square Error (RMSE) = V L ft': y,), 

100 IY' - Y·I 
Mean Absolute Percent Error (MA %E) = - I '1 l' 

n Yi 

Modeling Efficiency (EF) = 1- I (y, - y, ): 
I(Y, -y) 

Yi = adjusted LI~COR albedo 

Yi = simulated albedo 

y = mean adjusted albedo 
n = number of data points 
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3. P AR-Total Solar Radiation Partitioning, 
A Literature Search Summary 

3.1 Introduction 

Two questions concerning photosynthetically active radiation (PAR) were posed 
during a recent discussion on solar radiation. First, what portion of global solar radiation 
is PAR? That is, if the global solar radiation is known or predicted, what value should be 
used for PAR? Second, what is the albedo of snow and ice across the visible spectrum? 

Investigations concerning the first question have been performed around the 
world, and the results are readily available in the literature. Field studies have also been 
conducted in an attempt to answer the second question. However, more articles reporting 
the visible albedo of snow have been published than those reporting ice albedo in the 
PAR region. In order to answer the questions, a literature search was conducted, and the 
results are summarized herein. 

3.2 Photosynthetically Active Radiation 

Photosynthetically active radiation (PAR) is that part of the solar spectrum in the 
visible region (wavelength range: 0.385 - 0.695 ~m). Total, or global, solar radiation 
refers to the entire solar spectrum from 0.295 to 2.8 ~m, including both diffuse and direct 
beam radiation. Fig. 3.1 shows the solar radiation spectra at the top of the atmosphere 
and at the earth's surface. 

The ratio of PAR to total solar radiation has been measured as (Nagaraja Rao 
1984) 

___ P_A_R ___ = 0.457 
Total Solar Radiation 

The author compared his results to published values from around the world and 
found that 0.457 compared well with other results. Table 3.1 shows the ratio of PAR to 
total solar radiation for varying sky cover conditions measured during the same study by 
Nagaraja Rao (1984). 
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Fig. 3.1 Theoretical and actual spectra of solar radiation at the top of the atmosphere and 
the actual spectrum at the earth's surface (from Gates 1962). 
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Table 3.1. Ratios of PAR to total solar radiation for various sky cover conditions. 

Clear Partly Cloudy Cloudy 

(FS*>O.85 (O.15::::FS::::O.85) (FS<O.15) 

PAR/Total 0.443 0.447 0.483 

* FractIOnal sunshme (FS) IS the ratIO of hours ofbnght sunshme to 
length of day from sunrise to sunset. 
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The increase in the ratio of PAR to total solar radiation with increasing cloud 
cover is as expected, Clouds attenuate incoming solar radiation at wavelengths greater 
than about 0.7 /-Lm by both absorption and scattering, whereas attenuation in the visible 
spectrum is due to scattering alone. As seen in Fig. 3.1, water vapor absorbs radiation in 
the infrared region of the spectrum. 

3.3 Snow Albedo 

A number of field studies have investigated the short~wave albedo of snow in 
different wavebands, e.g., the ultraviolet (UV), visible, and infrared (lR). Many of the 
field studies were conducted in the Antarctic; however, the extent of the investigations 
may allow the conclusions to be applied to other parts of the world. 

In one such study at the south pole Grenfell et al. (1994) found 

albedo across UV and visible spectrum = 0.96-0.98 
, 

The albedo was found to be nearly independent of snow grain size and solar , 
zenith angle for the visible spectrum. The spectrally averaged albedo, i.e., the albedo 
over wavelengths 0.3 to 2.8 /-Lm, ranged from 0.80 to 0.85 for solar zenith angles 55° to 
72°. These albedo values correspond with values measured on Ryan Lake. The solar 
zenith angle, the angular distance of the sun from zenith, in Minneapolis ranges from 
about 68° in January to 40° in March. 

In an earlier theoretical study Choudhury (1979) found 

albedo across the visible spectrum = 0.95-0.98 

In Figs. 3.2a through 3.2d, four plots of albedo versus wavelength are shown. 
Note that for changes in snow grain size or solar zenith angle, the albedo in the visible 
waveband does not change considerably. However, for shallower snow depths and dirty 
snow, the visible albedo decreases substantially. Snowfall depths less than 25 rom are 
considered "trace" snowfall events for the MNLAKE albedo model and are not indicative 
of a new snow covel'. Therefore, low visible albedos due to shallow snow depths may be 
disregarded for new snowfall events. That is, for clean snow the visible albedo remains 
greater than 0.95 and does not decay significantly with increasing grain size. 
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Fig. 3.2 Plots ofthe effects on the spectral albedo of snow of (a) snow grain size, (b) 
solar zenith angle, (c) snow cover thickness (from Wiscombe and Warren 1980) 
and (d) contamination by soot (from Warren and Wiscombe 1980). 
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3.4 Ice Albedo 

As stated previously there are not as many articles on ice albedo across the visible 
region as there are for snow. Sea ice albedo values were measured in a study conducted 
in Canada by Perovich (1994). The spectral albedo was measured for a number of 
wavelengths between 0.4 and 1 flm. Albedo varied across the visible spectrum, and the 
results are shown below. 

albedo across the visible spectrum for bare ice;=: 0.74-0.78 

albedo across the visible spectrum for blue ice;=: 0.53-0.68 

The albedo for sea ice across the entire solar spectrum had previously been 
reported as 0.52 for bare ice and 0.32 for melting blue ice (Perovich et al. 1986), 

A study relating ice albedo to bubble size within ice was conducted by Mullen 
and Warren (1988); however, the data collected was limited to direct beam albedo. Since 
diffuse radiation was not included, their results are not particUlarly useful for our 
purposes. 
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4. Comparison of Snow Depths on a Lake to Snow Depths on Land 

4.1 Introduction 

The depth of snow covering the ice on a northern lake in winter affects (1) lake 
ice thickness, (2) energy transmitted between the atmosphere and the underlying lake 
water by radiation and conduction, (3) lake oxygen budgets in winter, and (4) winterkill 
of fish in lakes. When snow depths are more than half the thickness of lake ice, the 
weight of the snow can depress the lake ice sO that the lake water can seep through cracks 
in the ice and wet the snow adjacent to the ice surface. This slush layer subsequently 
freezes into snow ice, also referred to as white ice (Nelson 1990). The depth of snow on 
the lake is, thereby, decreased, while the ice thickness is increased. The fraction of 
radiative solar and atmospheric energy transmitted to lake water during the winter 
depends strongly on the depth of the snow covering the lake. Snow depth can also affect 
the fraction of radiation which is reflected from the snow surface and, hence, the energy 
available for transmittance (Baker et al. 1990, Gray and Landine 1987). Radiation 
transmitted through the snow and ice cover of a lake is an energy source for lake water 
temperatures and for photosynthesis of plants in a lake (Ellis and Stefan 1989). 
Winterkill of fish, or fish mortality resulting from oxygen depletion under lake ice, may 
indirectly result from a thick snow layer covering a lake. Snow removal from an ice 
surface has been used as a natural means of increasing oxygen levels through increased 
light penetration that boosts photosynthesis (Barica et al. 1983). 

Snow depth data are useful for winter-lake water quality modeling, snowmelt 
modeling and winter lake management. Snow depth data may be used to validate the 
predictions of winter-lake snow and ice cover models and snowmelt models. They may 
also be used for predicting snowmelt runoff in watershed modeling. The amount of snow 
covering a lake may influence whether artificial lake aeration is used to help prevent 
winterkill. 

In order to obtain unbiased, reliable snow depth data, it has been recommended 
that climate stations locate their snow courses in areas which are well protected from 
wind movement (Peck 1997). Snow depths measured on land in areas sheltered by 
forests or buildings, however, are often drastically different from snow depths measured 
in open areas, e.g. prairies. A study in Canada showed that snow depths measured on 
Knob Lake were much less than those measured on surrounding "open" land areas 
characterized by occasional trees and relatively abundant shrubs. The difference between 
mean snow depths of the lake and of the "open" areas was about 60 em (Adams and 
Rogerson 1968). 
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Presented herein are snow depths measured on a small urban lake in Minnesota 
along with snow depths measured at the nearest National Weather Service station. The 
data are compared and tentative interpretations about the differences in data are given. 

4.2 Data 

4.2.1 Lake Measurements of Snow Depth 

Snow depth measurements were taken during a winter field study conducted on 
Ryan Lake in northwest Minneapolis from December 17, 1996, to March 21, 1997. 
Average snow depth for a particular day was obtained from a circular snow course on the 
lake. The snow course encircled the instrumentation used during the field study. The 
instrumentation was located approximately 45 m from the shore of Ryan Lake. Twelve 
snow depth measurements were taken with a ruler at regular intervals around the circular 
snow course (radius about 6.1 m). These measurements were averaged to obtain an 
average snow depth for each day that a snow course was conducted. Average snow 
depths were obtained for 19 days during the study. These depths are shown in Table 4.1. 

On two days, January 10 and 29, 1997, a linear snow course was also conducted. 
The linear snow course extended 165 m across the lake in a northwesterly direction from 
the instrumentation site. Snow depth measurements were taken every 5 m. The average 
snow depths for these two days are included in Table 4.1. 

4.2.2 Land Measurements of Snow Depth 

Snow depth data were obtained from the National Weather Service station at the 
Minneapolis-St. Paul International Airport which is located approximately 20 krn from 
Ryan Lake. Snow depths were measured at random points on a vacant lot located in an 
area exposed to wind. 

Snow depths were also obtained from a volunteer climate site located less than 5 
Ian from Ryan Lake in New Hope, Minnesota. Snow depths were measured at the same 
location(s) throughout the winter in an area sheltered from the wind. 

4.3 Results and Discussion 

The lake snow depth data and the land snow depth data are plotted in Fig. 4.1. It 
is obvious from the graph that the depths measured on land are much greater than those 
measured on Ryan Lake. The differences between measurements on the lake and at the 
airport range from 2 to 37 cm, with an average difference between snow depths of 21 cm. 
The differences between measurements on the lake and at New Hope range from 10 to 
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Table 4.1. Snow depth data from Ryan Lake, 1996-1997. 

Average Snow Linear Snow 
Depth (cm) Course Depth 

Date (cm) 
12/17/96 2.5 
12/27/96 9.1 
12/31196 8.9 

113/97 8.3 
1/6/97 7.6 

1/10/97 8.3 11.7 
1121197 7.2 
1123/97 9.2 
1129/97 10.4 8.4 
2/4/97 7.0 

2/11197 5.9 
2/12/97 8.4 
2/19/97 2.6 
2/24/97 2.5 
3/3/97 0 
3/7/97 7.5 
3/18/97 4.5 
3/19/97 1.8 
3/21197 0 

30 



(I 

r 
I ' 

[ 
I i 

r··-·· 
I i I '. 

[' 

\ 

i 

\ ~ [ . 

\ 
, -' 

i 

L 

\ 

! i 

60~----------------------------------------~ 

50 

i 
40 

--i 30 
~ 

~ 
~ 20 

10 

i 

t"\' 

I~! 
J, < I 1\1 

-fn-! I' ~ : 
o 'l;~jJ~. --+I-------II------+-I -----+1 ----------'If=------II_I-+-I ~1Il+-' 
11/11 1211 12/21 1110 1/30 2/19 3/11 

--I- Measured at Minneapolis airport 

•• .. w Measured at New Hope 

_ Measured on Ryan Lake (+1- 1 St. Dev) 

3/31 

Figure 4.1 Snow depths measured at Minneapolis-St. Paul airport, New Hope volunteer 
climate site, and Ryan Lake during the winter of 1996-1997. 
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38 cm, with an average difference between snow depths of 32 cm. The standard 
deviations for the snow depth measurements along the circular snow course on Ryan 
Lake are included in Fig. 4.1 as error bars. 

The most obvious cause for the dramatic difference in snow depths is wind 
sheltering. The relatively open area of a lake and its smooth surface make its snow cover 
susceptible to wind drifts. Snow is also more readily compacted when exposed to wind. 

Another reason for the decrease in snow depths on a lake is the conversion of 
snow to white ice by the process of slushing as described in the introduction. This 
process decreases the snow depth while simultaneously increasing the ice thickness. 
Adams and Rogerson (1968) adjusted the snow depths measured on Knob Lake by the 
thickness of the white ice layer. Even then, they report that a large difference remained 
between snow depths measured in "open" areas and on the lake surface. 

4.4 Conclusions 

Snow depths are highly dependent on the terrain over which they are measured. 
Users of snow depth data obtained at climate stations need a method for adjusting those 
snow depth data to estimate snow depth on nearby lakes or in areas characteristically 
different from those where the snow depths were measured. 
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5. Field Observations and Photographs 

Ryan Lake was visited throughout both winter field studies and observations were 
made on the lake cover and weather conditions at least once per week. The observations 
for the first field study, February 23 to March 15, 1996, are included in Table 5.1. More 
frequent and detailed observations were made during the second field study, December 
17, 1996, to March 21, 1997, and these observations are listed in Table 5.2. 

Photographs were taken during both winter field studies. Twenty~two 

representative photographs are included herein from the two studies. Each photo is 
clearly labeled. 
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Table 5.1 Field study observations for Ryan Lake, Minnesota. February 23 to March 15, 
1996. 

Day of Date Site Lake Cover 
Year Visit 

Time 

Feb. 22, 
1996 

17:00 Standing water on lake 

Avg. 
Snow 
Depth 
(cm) 

<5 

Miscellaneous 

1 st day on lake 

Clean, powdery snow. Scattered 2-10 
drifts. Drifts around platform 
deeper than the rest. 

No change in snow cpnditions 

Few scattered ice spots on lake. 
Snow packed under powdery top 
layer. Snow/ice mixture of ice. 

Water out from shore ~ 10 - 15 m. 
Slush covering lake with some 
standing water on ice. 

*Ryan Lake was visited on highlighted days. 

34 

Data dumped since 
yesterday's attempt 
unsuccessful. 

0-2 away Photos 1-4 
from equip.; 
10-15 near 

base of 
equip. 

0.0 Photos 5-8 
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Table 5.2 Field study observations for Ryan Lake, Minnesota. December 17, 1996 to March 21, 1997. 

Site 
Day of Visit 
Year Date Time Lake Cover Sky Cover Weather Instrumentation 
J.52* Dec. 17, 12:00 

1996 
362 Dec. 27 10:00 Snow covered with slightly wind- 100% cloud Light snowfall in No snow on any 

packed, dry snow. Powdery top cover (cc) AM and early instrument. (2-3 frost 
layer. *Rough. snow-ice beneath afternoon flakes on upward-facing 

,'. 
snow. K&Z.) A11level. 

365 Dec. 30 100% cc Afternoon 
sleet/freezing rain 

c36Q{ Dec. 31 11:00 100% cc Ice on instruments 
- cleaned off with tissue . 

t. i~":) Jan. 3, 10:00 Snow has melted and compacted 100% cc Late evening rain Level and free of ice or 
1997 after a few days of below oDe frost 

temp's. Snow is crystalline "sno-
cone" ice. Milky snow-ice 

. beneath snow . 
4 Jan. 4 Rain turned to sleet 

unti1late 
afternoon! early 
evening when light 
snow fell 

5 Jan. 5 Light snow in AM 

*Ryan Lake was visited on highlighted days. 

Avg. 
Snow 
Depth 
(em) Comments 

1st day on lake 
2.5 

9.1 

8.9 
Footprints 
surround equip. 
(more under 
K&Z). Ice 

8.3 thickness = 19" 

Snow 
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Table 5.2 (continued) Field study observations for Ryan Lake, Minnesota. December 17, 1996 to March 21, 1997. 

powdery snow drifted 1<5% cc 
across lake. Snow/ice ice below 
snow cover. 

, powdery snow covers 
Snow is not densely packed 

(easily moved). Some drifting andl 
small ridges. Ice is milky, bubbly 
and, at places, grainy. 

1')·1 " Dense, moist snow covers lake 100% cc 
(snowball snow). Light wind, but 
snow remains packed. Ice is I 
milky, white, rough snow/ice. 
(Some slush below upper snow 

powdery, dry snow over a 90-100% cc 
bottom layer. Ice very 
,rough (possibly frozen 
slush of 2 days earlier?) 

IfromNW. 

Foggy 

ILIL-V~ face free, but ice 
covers black portion 

whiteface. 

Ion them. LevelonK&Z I 

I beginning I 
at~IO:00. 

Snowfall from Cleaned frost off of 
~13:00 to 14:30 K&Z. Cleaned all 

remaining. 

7.6 

8.3 

7.2 

9.2 

Ideleted due to 
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Table 5.2 (continued) Field study observations for Ryan Lake, Minnesota. December 17, 1996 to March 21, 1997. 

24 Jan. 24 100% cc Snowfall ~ 8:45 
<50% cloud cover 
~10:00 

28 Jan. 28 Clear 
29 Jan. 29 11:00 Slightly wet, snow cover crusty 100% cc; Both sensors free of 

layer. Ice rough and milky. 12:30/40%; ice/snow and level. 
13:30/clear 10.4 

32 Feb. 1 80-100% cc 
33 Feb. 2 0-20% cc 

.fl~i Feb. 4 10:30 Snow crusty and well-packed; 90-100% cc Cleaned both sensors; 
wet, granular; hard top layer (ice K& Z had some moisture 

1: top layer in places). Ice milky, condensed on them. 
white (probably refrozen melted Both level 

;, snow). 7.0 
36 Feb. 5 100% cc 9:00-10:00-light 

snow drizzle 

\3:' Feb. 6 8:30 Snow as Feb. 4 90-100% cc; All sensors free of 

... , 12:00/10-20% moisture, but wiped dean 

i anyway. 
38 Feb. 7 8:00/100% cc; Light snowfall in 

, 12:00/80-90%; AM which ends by 
13:00140-50% 12:00 

39 Feb. 8 0-20% cc 

40 Feb. 9 0-10% cc 

41 Feb. 10 100% cc Light snow in AM 

42 Feb. 11 11:50 Snow has rough surface and is 90-100% cc Snow flurries in Moisture droplets on 
crusty/well-packed. <0.1" AM with K&Z. Alllevel. 
powdery snow over old snow. intermittent light 
Granuals cotnpsed of larger ice snow around noon. 
crystals frozen toether, still white, 

however. Ice is milky. 5.9 
- ---

Some 
footprints show 
only ice, i.e., 
snow melted. 
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Table 5.2 (continued) Field study observations for Ryan Lake, Minnesota. December 17, 1996 to March 21, 1997. 

Feb. 12 I 1O:00IPowdery, dry, newly fallen snow. IClear I Ice crystals on K&Z IPhotos 12-14. 
dome. Neglect data 

collected 
before 10:30 

8.4 due to cleaning 
9:00/80-100% Light snowfall 
cc; 12:00/100% from 14:00-16:30 

Light powdery, drifted snow 8:00/100% cc; Light snow before No frost on instruments, 
9:00/clear; 9:00 but cleaned. Levelled 
11: 15/60-80% lower LICOR on 2nd 

visit. 
100% cc ILight snow in I 

evening 
47 Feb. 16 20-30% cc until 

- 13:00 then 
w 

100% 00 

9:15 Snow packed and moist. Some 70-80% cc; Small amount of 
very smooth and icy patches 11:00/100%; moisture on both K&Z 
covering snow. Textured 14:00/50-60% domes. A1llevel. 
w/va1leys (not really drifts) in 
snow. Ice cracks in places below 
snow. 

10-20% ccin 
AMw/incr 
clouds in PM 

10:30 I Snow is well-packed where Clear; I Clean and level IPhotos 15-17. 
present. Open patches on lake 13:45/<10% cc 
where only ice is present. Milky, 
snow-ice. 2.6 

9:00/0-10% cc; 
14:00/10-20% 
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Table 5.2 (continued) Field study observations for Ryan Lake, Minnesota. December 17, 1996 to March 21, 1997. 

52 Feb. 21 100% cc 
5$. Feb. 24 AM Dry, powdery snow and milky, Clear Few flakes of frost on 

white ice. K&Z. Allievel. 2.5 
5tt·' Feb. 25 9:30 Snow cover as Feb. 24 Clear; No frost and all 

11:45/<10%cc level. 
57 Feb. 26 8:45/50%; 

9:30/30%; -
12:00/0-10%; 
14:15/90-100% 

,~;, Feb. 27 8:30 Well-packed snow. Some ice 100% cc until Snow flurries or Clean and level. 
x ' patches show. 13:00; light snow until ; ,\~ 

...•. 
14:00/50%; 13:00 

-- 15 :00/30-40%; 

••••• 
16:30170% 

59 Feb. 28 100% cc Snow flurries from 
AM changed to 

-

sleet by 14:20. 

62 Mar. 3 8:30 No snow. 95% oflake is bare ice; 100% cc Snow@13:30 Lower K&Z had a small 
) 

smooth and bumpy portions. piece of dirty ice on it '; ~' 
,;", 

All instruments wiped 
clean (very little dust & 
no ice). 0 

63 Mar. 4 100% cc Very light snowfall 
@ 9:30 becoming 
heavier before 
ceasing in 
afternoon. 

64 Mar. 5 9:30/100% cc; Light snowfall @ 
10:15/<20% 9:30 

65 Mar. 6 0-10% cc 
--

Under sensors 
there are places 
with white ice. 
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Table 5.2 (continued) Field study observations for Ryan Lake, Minnesota. December 17, 1996 to March 21, 1997. 

72 

90-

covers lake in drifts. 10-20% cc 

8:151Snow covers lake (packed on top). I 100% cc; 
Wet snow 13:00/50-60% 

9:00 I Wet snow & some bare, milky ice 120-30% cc; 
,patches cover lake. 14:00/10-20%; 

~li:tllUlllb water on lake. Some 

Standing water over slush. 

15 :30/90-100% 
9:00/10-20%; 
11 :00/80-90%; 
16:20/50-60% 

9:15/80-100%; 
10:00120-30%; 
13:00/100% 

8:00 - Light 
snowfall becoming 
heavy in afternoon. 

Light snowfall in I Clean and level. 
AM& 

Clean and level. 

Clean and level. 
4.5 

1.8 

o 

changed 
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Ryan Lake Photos 

March 8, 1996 (Photos 1-4) 

Photo 1. Drifted snow at base of equip
ment. Snow depth range: 10-15 cm near 
base. 

Photo 2. Bare ice spots visible and snow is 
drifted. Snow depth range: 0-2 cm. 

Photo 3. Closer view of bare ice spots in 
Photo 2. 

Photo 4. Zoom view of bare ice spot. 

March 15, 1996 (Photos 5-8) 

Photo 5. Water out from shore ~1O m. 
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Ryan Lake Photos 

March 15, 1996 (Photos 5-8) 

Photo 6. Slush mixture of snow, water, 
and ice near base of equipment. Slush 
mixture 7-8 cm deep. 

Photo 7. Crack in ice and slush. 

Photo 8. Zoom view of ice/snow mixture. 

January 6, 1997 (Photos 9~11) 

Photo 9. Light, powdery snow drifted 
across lake. Average snow depth ~8 cm. 

Photo 10. Note wind-blown snow cover. 

Photo 11. Zoom view of snow. 
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Ryan Lake Photos 

February 12, 1997 (Photos 12-14) February 19, 1997 (Photos 15-17) 

Photo 12. New snow cover .. Average snow Photo 15. Milky, snow-ice patches and 
depth ~ 8 cm. some snow. 

Photo 13. Ice below manually removed 
snow. Large ice granules. 

Icetq'StalJ Ion pytlloomettr 

,> .:~ , 

Photo 16. Well-packed snow, where 
present. Average snow depth ~ 3 cm. 

Photo 14. Ice crystals cover the surface of Photo 17. Zoom view of snow-ice. 
the Kipp and Zonen pyranometer. The ice 
was removed before 10:00 am. 
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Ryan Lake Photos 

March 19, 1997 (Photos 18-20) March 20, 1997 (Photos 21-22) 

Photo 18. Wet snow and some bare, milky Photo 21. Storm water inflow melted a 
ice patches cover lake. snow in the near shore snow and ice cover. 

Photo 19. Zoom view of snow. Note water Photo 22. Standing water on lake. A few 
droplets on ruler. Average snow depth ~ 2 snow patches remain with depths less than 1 
cm. 

Photo 20. Zoom view of milky ice. Note 
dirt particles in ice. 

cm. 
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ALBEDO MODELS FOR SNOW AND ICE ON A FRESHWATER LAKE 

by 

Heather E. Henneman and Heinz G. Stefan 
University of Minnesota, St. Anthony Falls Laboratory 

Department of Civil Engineering, Minneapolis, MN 55414 

ABSTRACT: Snow and ice albedo measurements were taken over a freshwater lake in 
Minnesota for three months during the winter of 1996-97 for use in a winter lake water 
quality model. The mean albedo of new snow was measured as 0.83 ± 0.028, while the 
mean ice albedo was measured as 0.38 ± 0.033. The period from December 17, 1996 to 
February 17, 1997, was marked as the nonmelt, or high albedo, season when albedo 
decayed at an average rate of 0.02 per day. The melting, or rapid albedo decay, season' 
began on February 18 and continued until the end of the study on March 21. During the 
melt season the albedo decay rate varied from 0.10 to 0.20 per day. 

Two albedo models were developed for the entire winter season; they use separate 
equations for the nonmelt and melt periods. The input data for both models are readily 
available climatic data. The first model requires daily incident solar radiation, air 
temperature, and snowfall data as input, while the second model requires daily air 
temperature and snowfall data only. The first model predicts albedo with a modeling 
efficiency of 0.94 for the entire three month period, and the second model predicts albedo 
with a modeling efficiency of 0.89. The mean absolute error between values observed on 
the lake surface and values predicted by the model was 0.023 for the first model and 
0.029 for the second model. 

Albedo predictions made by three albedo models given in the literature were also 
compared to the observed lake surface data. The two models developed herein predicted 
albedo better than the three existing surface albedo models because the two new models 
were calibrated to the observed lake surface data. 

Albedo predictions from both new models and the three existing models were also 
compared to 11 years of observed surface albedo data collected over land. (No other lake 
surface observations were available.) The new models reasonably predicted albedo 
during those winters when the total snowfall depth was greater than 60 cm. The new 
model predictions for the land data were as good, if not better, than those by the three 
existing models. 



1. Introduction 

Radiation transmitted through the ice and snow cover of a lake is an energy source 

for lake water temperatures and for photosynthesis of plants in the lake (Ellis and Stefan 

1989). The fraction of incident radiation transmitted through the ice and snow cover 

depends in part on the depth of these covers and on the albedo of the snow and/or ice. 

Deterministic year-round lake water quality simulation models, such as MINLAKE95 

(Pang and Stefan 1996), use albedo in the winter energy balance to help predict ice cover 

growth over fresh water lakes (Gu and Stefan 1990). Because the ice is at times snow

covered during the winter months, albedo values for both ice and snow are needed in the 

models. 

What particular values to use for snow and ice albedos is not easily determined. 

Research on surface albedo has been conducted for decades, and a wide range of albedo 

values have been reported for snow and ice. Albedos for freshly fallen, dry snow on land 

typically range from 0.80 to 0.87 (Perovich 1986; Baker et al. 1990; Conway et al. 1996). 

Melting snow albedo values decrease to values below 0.50 (U.S. Army Corps of 

Engineers 1956). ICe albedos, depending on the ice type, are reported to vary from 0.10 

to 0.58 (Bolsenga 1977; Perovich 1986). 

Given the broad range of albedo values, an albedo decay model in place of 

constant values may be more appropriate for use in the surface energy budget of a winter 

lake. Several such models exist, however, it is not apparent which of the albedo models 

found in the literature should be used for a freshwater lake. A summary of some of the 

available snow albedo models found in the literature is given in Table 1. 
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Of the existing snow albedo models, a number are empirical models which require 

easily obtainable climatic data (Gray and Landine 1987; Kondo and Yamazaki 1990; 

Baker et al. 1990; Winther 1993; Rogers et al. 1995); however, the albedos predicted by 

these models for freshly fallen snow range from 0.84 to over 0.90. Most of the existing 

empirical models }¥ere developed for snow over land, not for snow over a lake. Also, 

empirical albedo models are generally developed for only a portion of the winter season. 

Theoretical, or physical1y~based, spectral albedo models (Wiscombe and Warren 1980; 

\ 
\' Choudhury and Chang 1981) often require multiple inputs, some of which are not readily 

available to a water quality or snowmelt modeler. Snow albedo models developed for use 

, on a large or even global scale (Lindsay and Rothrock 1994; Marshall and Oglesby 
I " 
I 'j 

1994), at times, require satellite input data and may not be suitable for use over a 

comparatively smal1~scale lake. 

An all~winter albedo model requiring readily available input data was needed for 

use with a year~round winter lake water quality model. On the following pages we 

describe a field study which was conducted to measure the albedo of the snow andlor ice 

cover of a freshwater lake, and how the data obtained were used to develop two albedo 

decay models. An error analysis section is included in which both models are evaluated. 

Additionally, the predictions of the two albedo models are compared to 11 years of winter 

surface albedos measured over land. Also presented are the comparisons of the two 

albedo models with three snow albedo models found in the literature. 

I ' , I 3 
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2. Background 

Total, or spectrally integrated, albedo (at) is defined as (Perovich 1996) 

f a( A )FA 0, ;l )dA 
a = ~-=------

1 fFd(O,;l)d;l 

where 

<x(,,-) = spectral albedo at wavelength "- = FU((A)) 
Fd A 

F u("-) = upwelling spectral irradiance from the surface 

(1) 

F d("-) = downwelling spectral irradiance, or radiance integrated over downward directions 

F lO,"-) = downwelling irradiance at the surface (0 designates surface) 

Equation 1 basically states that albedo is the ratio of reflected to incident solar energy. 

The limits of integration for total albedo, hereafter referred to only as albedo, depend 

upon the response of the measuring device. 

The albedo of a surface depends on both the reflective properties of that surface 

and on atmospheric parameters which can alter the spectral distribution of incident 

irradiance. The reflective properties of snow vary widely depending on wetness, 

impurities (Conway et aL 1996), snow grain size (Grenfell et al. 1994), density and 

composition, and surface roughness (Dirmhim and Eaton 1975). The albedo of snow has 

been more widely studied than that of ice; however, many of the determinants of snow 

albedo may also be applicable to ice albedo. The reflective properties of lake ice have 

been found to depend on the bubble content of ice (Mullen and Warren 1988); ice type, 

e.g., white ice, clear ice, or refrozen slush (Bolsenga 1977, 1983); surface roughness; and 
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ice thickness (Mullen and Warren 1988; Bolsenga 1983). Parameters affecting incident 

radiation include solar angle (Dirmhirn and Eaton 1975; Warren 1982); cloud 

characteristics, e.g., thickness and distribution (Male and Granger 1981; Warren 1982); 

and atmospheric parameters like precipitable water and turbidity. 

Snow and ice albedos have been observed to undergo both daily variations and 

long term decay, Albedo decay has previously been studied on snow-covered land (U.S. 

Army Corps of Engineers 1956; Dirmhirn and Eaton 1975; Baker et al. 1990), on sea ice 

(Curry et al. 1995) and on freshwater ice (Bolsenga 1977). Long-term albedo decay 

trends for deep snowpack (U.S. Army Corps of Engineers 1956) and shallow snowpack 

(O'Neill and Gray 1973) indicate that the decay for shallow snowpack is much more 

rapid than that for deeper snow because ofthe influence of the lower albedo of the ground 

beneath the shallow snow. 

Baker and Ruschy (1988, 1989) collected and analyzed a 19-year time series of 

prairie snow albedo data from Minnesota. They found three distinct albedo "seasons" 

during the months of November to April: (1) introduction to winter, or accumulation 

season, when snowfalls begin to occur with low frequency and duration, (2) the high 

albedo season when fresh snow usually exists on the ground, and (3) a transitional, ·or 

melt, period in the late winter and early spring characterized by periods of snowmelt. 

They also found similarities between albedo decay during the accumulation and melt 

seasons (Baker et al. 1990). Gray and Landine (1987) further broke down the melting 

period of prairie snow covers and the corresponding decreases in albedo into premelt, 
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melt and postmelt periods. All three of these melt periods occur during the third albedo 

period noted by Baker and Ruschy. 

3. Field Study/Data Collection 

A three-month (December 17, 1996 - March 21, 1997) field study was conducted 

on Ryan Lake, Minnesota, in order to measure the albedo of the snow and/or ice cover of 

this lake. Ryan Lake(45~, 939W) is located in the northwest area of Minneapolis, 

Minnesota. It has a surface area of 6.1 ha, a mean depth of 5.0m, and a maximum depth 

ofl0.0m. 

The radiation sensors· used were, Kipp & Zonen CM3 pyranometers which are 

sensitive to wavelengths of about 0.3 to 2.8 /-lm. Two pyranometers were used in the 

study, one for incident radiation and the other for reflected radiation. The instruments 

were checked against each other· to see that they measured the same amount of solar 

radiation. The measurements were within ± 2% prior to the beginning and after the 

conclusion of the field study. At the field study site the pyranometers were mounted 

horizontally with one facing upward and the other downward. The latter was mounted 

1.60 m above the lake surface to avoid shading effects and to promote spatial averaging. 

The equipment was placed about 40 meters from the eastern shore of the lake. This 

location was easily accessible from shore, and the ice and snow conditions were 

representative of the lake surface. 

Incident and reflected radiation were measured throughout the field study at one

minute intervals. These one-minute measurements were averaged and stored every 15 
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i I, minutes by a Campbell Scientific CRI0 data logger. Along with the radiation 

measurements, air temperature measurements were taken at a height 2.2 m above the lake 

surface. As with the radiation measurements, the IS-minute record of air temperature 

represented an averag~ of values taken over that time period. In addition to these 

continuous measurements, observations of snow depth and lake cover conditions were 

made two to three times per week during the study. 

The faces of the pyranometers were checked during each site visit to insure that 

snow and/or ice was not collecting on the upright pyranometer. The deposition of snow 

could result in the reduction of incident radiation measured and, therefore, cause an 

r" \ 

i \ 
i" 

abnormal increase in albedo. When ice or snow did accumulate on either pyranometer, 

the equipment was carefully cleaned. The equipment was ice or snow-covered for, seven 

r, 
~ j of the 95 days of the field study, and the data from those days were eliminated from the 

analysis. The eliminated days were December 22 and 23, 1996, January 4 and 5, 

February 22, and March 3 and 4, 1997. 

4. Data 

Figure 1 gIves the incoming : solar radiation, maximum and minimum . air 

temperatures, snowfall and albedo for each day of the study. Average daily albedo was 

\-1 
" J 

calculated by dividing the total daily reflected solar radiation by the total daily incoming 

solar radiation. Total daily incoming and reflected solar radiation values were obtained by 

integrating the IS-minute radiation measurements over the daylight hours. 
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The albedo increased after each new snowfall. The average new snow albedo was 

0.83 ± 0.028. Increases in albedo are most obvious near the end of the field study when 

three peaks in albedo correspond to three snowfall events in late February and early 

March. Also apparent in Fig. 1 are the rapid decreases in albedo following the 

aforementioned albedo peaks. 

In Figure 2 the measured albedo values are reproduced with a higher resolution, 

and the average daily air temperatures are shown for each day of the study. Two of the 

three albedo "seasons" noted by Baker and Ruschy (1988, 1989) are apparent in Fig. 2. 

The high albedo season, or nonmelt season, when average daily air temperatures 

generally remained below O°C, occurred from Decemberl7, 1996, to February 17, 1997. 

The albedo decayed during this period at a rate of about 0.02 per day. The remainder of 

the study period, from February 18 to March 21, 1997, appears to be in the transitional, or 

melt, season. Four distinct events of rapid albedo decay occurred during the melt period, 

which was characterized by a number of days with average daily air temperatures above 

O°C and the melting of the existing snow cover. Albedo decreased at a rate of 0.10 to 

0.20 per day during the melt period. The average minimum value of surface albedo was 

0.38 ± 0.033, which was measured during times when no snow covered the lake ice. 

The periods of melt and nonmelt are indicated in Fig. 2. 

5. Model Development 

In order to model daily albedo decay, the data were divided into a nonmelt decay 

period and a melt decay period. Initially, an analysis was performed over the entire 
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period of study without dividing the data into these two periods. However, the resulting 

albedo model did not capture the rapid decay in albedo which occurred during the final 

weeks of the field study. Therefore, the data were divided into two periods. 

December 17, 1996 to February 17, 1997, was designated the nonmelt period, 

while the remainder of the study period until March 21, 1997, was considered the melt 

period (Fig. 2). A change in the albedo curve was evident near February 17, when albedo 

began to decay at a more rapid rate than earlier in the study. The decision to start the 

melt period on February 17 was made based upon air temperature data and upon the 

obvious change in the rate of albedo decay after this date. During the nonmelt decay 

period the average daily air temperatures generally remained below DoC, and the decay.of 

albedo was slow. The melt decay period was characterized by maximum daily air 

temperatures above DoC for the majority of the days and a substantial or complete melting 

of the snow cover. 

The duration of the nonmelt and melt periods will vary by the location of the site 

to be modeled and the meteorological conditions at that site. When to begin the rapid 

decay, or melt, period is discussed further in the model applicati,on section of the paper. 

A correlation analysis between albedo and a number of climate variables was 

performed for the entire study period and for both the nonmelt and melt periods 

separately. The Pearson correlation coefficient was calculated between albedo and the 

following variables: incident solar radiation, accumulated solar radiation, air 

temperature, accumulated air temperature, days after snowfall and fractional cloud cover. 

(Fractional cloud cover was measured at the Minneapolis-St. Paul International Airport 
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and was obtained from the Minrtesota State Climatology Office.) The choice of these 

variables as possible predictors of albedo was made based primarily on previously 

developed albedo models (See Table 1.). Also, easily obtainable or calculated input data 

were preferred for the albedo model. The Pearson correlation coefficients for the nonmelt 

period, the melt period, and the entire field study period are shown in Table 2. 

The accumulation of solar radiation and of air temperature restarted on each new 

snowfall day. A new snowfall day is one on which the snowfall is greater than 2.5 mm 

(0.1 in), i.e., a snowfall greater than a trace snowfall. On a snowfall day the accumulated 

solar radiation (MJ m-2 day"l) is set to the total daily incident radiation for that day. The 

accumulated solar radiation for each subsequent day is then calculated by simply adding 

the total daily incident radiation to the previous day's accumulated solar radiation until 

the next new snowfall day. Accumulated air temperature is calculated using a degree day 

method with a calibrated base temperature, T base' A temperature index, Tindex, for each 

day is calculated from 

Tindex = T air - T base 

where 

Tair = average daily air temperature (OC) 

T base == -18°C. 

(2) 

On each new snowfall day the accumulated air temperature is set to the temperature index 

for that day. As with accumulated solar radiation, the accumulated temperature is 

calculated for each day by adding the temperature index for that day to the accumulated 

temperature from the previous day. 
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The strongest correlations shown in Table 2 are between albedo and three 

variables: accumulated solar radiation, accumulated temperature, and days after snowfall. 

During the nonmelt period the highest negative correlations are between albedo and 

accumulated solar radiation and between albedo and days after snowfall. However, 

during the melt season the strongest correlation by far is between albedo and accumulated 

temperature. Since days after snowfall is itself highly correlated with accumulated solar 

radiation and accumulated air temperature, a regression analysis was not performed using 

all three of these variables. Rather, two separate sets of analyses were performed, 

resulting in two albedo models. One model predicts albedo based on accumulated solar 

radiation and accumulated air temperature, while the second model predicts albedo!based 

on days after snowfall. 

Air temperature is accounted for in the albedo models in the following manner. 

During the nonmelt period, one equation describes the albedo decay for, all air 

temperatures. However, during the melt period the albedo is described by two equations: 

one for average air temperatures greater than O°C and a second for average air 

temperatures less than O°C. 

Theoretically, albedo should also depend on cloud cover since clouds affect the 

incident solar radiation. Clouds absorb a higher portion of infra~red than visible 

radiation. Thus, a relatively high portion of visible radiation reaches the surface under 

cloudy conditions. Because the visible snow albedo is high (> 0.90) compared to the 

near-infra-red albedo ( .... 0.50), an increase in surface albedo is to be expected during 

overcast weather (Male and Granger 1981; Warren 1982), However, available cloud 
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cover data are usually restricted to fractional cloud cover. Without data on optical cloud 

depth and other cloud parameters, it is difficult to relate cloud cover to surface albedo. 

The correlation coefficient between albedo and cloud cover was insignificant « 0.3), and 

the addition of cloud cover to either of the following two models was not useful in 

simulating albedo. 

a. Modell 

Equations 3 to 5 represent Model 1 and predict albedo over the entire study 

period. The model requires average daily air temperature, accumulated solar radiation 

and accumulated air temperature as inputs. Daily snowfall data are also required. 

Equation 3 predicts albedo decay during the nonmelt period (December 17, 1996 to 

February 17, 1997, in the Ryan Lake study), and Eqs. 4 and 5 predict albedo during the 

melt period (February 18 to March 21, 1997, in the Ryan Lake study). On snowfall days 

the albedo was set to 0.83 for either the nonmelt or melt period. Additionally, the 

minimum albedo, which depends upon the surface beneath the snow layer, was limited to 

the value 0.38. 

Nonmelt Period: 

For all Tair values: 

a = - 0.0015R + 0.84 (3) 
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Melt Period: 

For Tair > ODC: 

a -= 0.0029R - 0.009T+ 0.95 

amin = minimum albedo = 0.38 

a = daily albedo 

a_I = albedo on previous day 

a -= a_l- 0.00036T 

R;::= accumulated incoming daily solar radiation since last snowfall (MJ m-2)* 

T;::= accumulated daily air temperature index since last snowfall (DC)* 

Tindex ;::= daily air temperature index = T air - T base 

T air ;::= average daily air temperature (DC) 

Tbase = - l8DC 

(4) 

(5) 

* Solar radiation and temperature begin accumulating after a snowfall greater than 2.5 mm 
(0.1 in). 

h. Model2 

Model 2 requires only snowfall and average air temperature data to predict albedo. 

Equation 6 predicts albedo during the nonmelt period, and Eqs. 7 and 8 predict albedo 

during the melt period. The albedo is set to 0.83 for snowfall days and the minimum 

albedo is 0.38. 

Nonmelt Period: 

For all Tair values: 

a -= - O.Olld + 0.83 (6) 
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Melt Period: 

For Tair> O°C: 

a. = a._I - 0.17 (7) 

a. = a._I - 0.013 (8) 

d= number of days after snowfall 

6. Model Fit and Error Analysis 

Error analyses were performed on both models with the results shown in Table 3. 

Model 1 predicts albedo over the entire three-month period with a modeling efficiency 

(EF) of 0.94, while Model 2 predicts albedo with an EF of 0.89. The root mean square 

error (RMSE) and mean absolute error (MAE) are 0.031 and 0.023, respectively, for 

Modell. For Model 2 the RMSE is 0.042, and the MAE is 0.029. 

Modeling efficiency is a dimensionless statistic which dire~tly relates model 

predictions (y) to observed data (y) and is defined as: 

EF = 1 - (Sum of squares about y = y)/(Corrected sum of squares of y) 

(9) 

where 

y = average observed value. 

Modeling efficiency is an overall indicator of goodness of fit. Negative values are 

possible since predicted data are compared with the fixed line y = y; however, any model 
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giving a negative value cannot be recommended. The closer EF is to one~ the better the 

model fit. 

Figures 3a and 3b show albedos simulated by Modell and Model 2~ respectively~ 

against the observed albedo data. A one to one line is included on each graph for 

comparison. The goodness of fit of Modell is 0.94~ and the goodness of fit for Model 2 

is 0.89. When the two points highly overpredicting albedo (Figs. 3a and 3b) are included 

in the error analysis~ the goodness of fit is 0.71 for Model 1 and 0.68 for Model 2. 

Although these are significantly lower EF values~ they do indicate that the models still 

reasonably predict albedo. 

The two outlying days~ March 1 and 2~ followed a snowfall day on which albedo 

was predicted as 0.83. The average air temperature remained below O°C on these two 

days. Therefore, Modell predicted an albedo decay of about 0.015 per day, and Model 2 

predicted a decay rate of 0.013 per day. The observed albedo, however, decreased on 

these days at a rate of about 0.20 per day, a much more rapid decay than predicted by 

either model. One reason for the discrepancy between observed and simulated albedo 

may have been that only a small amount of snow fell (5 mm) on February 28. The snow 

probably melted quickly by radiative energy, resulting in a rapid albedo decay, but the 

models could not account for this at air temperatures below O°C. It may be necessary to 

add another snowfall depth criterion to the model; however, this data set includes only 

one such small snowfall occurrence during the melt period which is insufficient for 

making a definite conclusion about albedo response to small snowfall depths during the 

melt period. 
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In order to determine what minimum snowfall depth best signaled an increase in 

albedo, another set of regression analyses was performed. New snowfall periods were 

defined at different depths of snowfall greater than 2.5 mm. The additional new snowfall 

depths tested were 5, 10 and 25 ffiffi. The results of these analyses showed that the 

highest model EF and lowest model errors were for new snowfalls marked by any depth 

greater than 2.5 mm. 

Equations 3 and 5 (Modell) require only accumulated solar radiation and 

accumulated air temperature, respectively. Neither the addition of an accumulated air 

temperature term to (3) nor the addition of an accumulated solar radiation term to (5) 

increased the modeling efficiency of Model 1. However, the addition of the accumulated 

air temperature term in (4) increased the modeling efficiency dramatically from 0.38 to 

0.94. 

Albedo values for the nonmelt period were further analyzed to determine whether 

either model was improved by differentiating between air temperatures above or below 

O°C. The analysis showed that the use of two equations during the nonmelt period (one 

for air temperatures greater than OoC and one for air temperatures less than OoC) did not 

decrease albedo model errors or increase modeling efficiency. Therefore, only one 

equation is used during the nonmelt period in each model. 
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7. Model Applications 

a. Determination of Nonmelt and Melt Periods 

That albedo decays over time at substantially different rates has previously been 

documented (Gray and Landine 1987; Baker and Ruschy 1988, 1989; Winther 1993); the 

exact criteria used to distinguish between the nonmelt period and the melt period are, 

however, not evident in the literature. Gray and Landine (1987) with 14 years of albedo 

data remark that the beginning of the melt period remains subject to an arbitrary decision. 

Missing the actual onset of the melt period by a few days and using a rapid albedo decay 

equation during that "erroneous" melt period will, however, yield better results" than 

ignoring the melt season altogether. In both Minnesota and Saskatchewan the'cmelt 

period usually begins in either February or March (Gray and Landine 1987; Baker and 

Ruschy 1988, 1989). Gray and Landine determine the transition to the melt period based , 

upon net radiation, QN; a threshold melt temperature, MT; and minimum and maximum 

air temperatures, T min and T max' The threshold melt temperature, is defined by the day of 

the year and is obtained from 

MT = - 0.064(Day of year) + 6.69 (10) 

Gray and Landine begin the melt period when anyone of the following three conditions 

2 QN> -0.5 MJ/m -day. 

In order to use either of the albedo models presented here, it is necessary to have 

some sort of guidelines or criteria for choosing the time periods of nonmelt and melt. 

Since the Ryan Lake field study on albedo decay was conducted for only one year, 
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general rules for determining the nonmelt and melt periods cannot be formulated from the 

Ryan Lake data alone. However, the information from this study, in addition to those 

guidelines noted from previous albedo studies, is useful in determining the periods of 

nonmelt and melt. 

For the Ryan Lake field study, it was obvious from the albedo depletion curve that 

the albedo decay rate changed considerably after February 17. February 18 was 

designated as the starting date of the melt period. Average air temperatures remained 

below O°C for the majority of the nonmelt period, and incoming solar radiation remained 

below 10 MJ/m2-day until a few days before the melt period. Albedo decay during the 

nonmelt period was slow « O.OS/day). During the melt period, on the other hand, the 

albed() decay rate generally exceeded 0.05 per day. The melt period began after the 

incoming solar radiation had been greater than 10 MJ/m2 -day for more than two days and 

average air temperature exceeded O°C. Incoming solar radiation remained above 10 

MJ/m2 -day for most of the melt period. 

b. Comparisons of Modell and 2 Predictions to Measured Prairie Snow Albedos 

In order to see how well Model 1 and Model 2 predicted snow albedo, the results 

of model simulations were compared to 11 years of albedo data collected at a terrestrial 

climate station (albedo data are rarely collected on lakes) at the University of Minnesota, 

St. Paul. Only the surface albedos from November to April (winter months) were 

simulated. Because Baker et al. (1990) had found similar albedo decay rates during the 

fall snow accumulation season and the spring melt season, the melt period equations ((4), 
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(5), (7) and (8» were used to simulate albedo also during the snow accumulation season 

in the early winter. The nonmelt period began in late November/early December after 

average daily air temperatures had dropped to below OoC for at least two days. The 

spring melt period was designated to begin after daily incoming solar radiation remained 

above 10 MJ/m2~day for more than two days and average daily air temperature was 

greater than O°C. Once the spring melt period had begun, the melt period equations were 

applied until the end of the designated winter period (April). 

Figure 4 documents the modeling efficiencies (EF) for Model 1 and Model 2 for 

each of the 11 years. Also shown for each year is the total snowfall depth for the winter 

season. The EF values are consistently better for high snowfall years than for. low 

snowfall years (total snowfall less than 60 cm). Model 1 has a slightly higher EF than 

Model 2 for seven of the 11 winter seasons. The results show that Model 1 and Model 2, 

developed for data collected over-a-lake, can be used to simulate snow albedo over land 

as long as the total annual snowfall is high. 

c. Comparisons of Modell and 2 to Existing Albedo Models 

Two sets of analyses were performed in order to determine how well Model 1 and 

Model 2 compared to three existing snow albedo models (Table 1): Baker et al. (1990), 

Gray and Landine (1987) and Rogers et aL (1995). First, the predictions of the existing 

albedo models were compared to 11 years (1979~ 1990) of daily albedo data collected at a 

terrestrial climate station at the University of Minnesota, st. Paul. In the second set of 

analyses, the three existing albedo models were used to predict albedo during the Ryan 
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Lake field study (December 17, 1996 to March 21, 1997), and the results were related to 

the albedo data collected. To conclude the comparison of the models, the results of the 

three existing models were compared to the results of Model 1 and Model 2 for the 

terrestrial and the Ryan Lake data sets. 

1) ALBEDO PREDICTIONS FOR THE UNIVERSITY OF MINNESOTA, ST. PAUL SITE, 

1979-1990 

The Baker et al. (1990), Gray and Landine (1987) and Rogers et al. (1995) models 

were used to predict daily albedos for the entire winter season (November to April) for 11 

years (1979-1990). The predictions were compared to albedo data collected at st. Paul, 

Minnesota. None of the models tested were developed for the entire winter season. The 

applications were, however, performed from the first snowfall until the end of April in 

order to determine how well albedo could be predicted for the whole winter season. 

The Baker et al. (1990) model gives different equations for each month of the 

winter season (November through April). Instead of the overall equation in Table 1, a 

separate equation was applied for each month: 

where: 

aNOV = 0.878 - 0.0744d1l2 

aDEC = 0.824 - 0.0126d 

aJAN = 0.847 - 0.0447i12 

aFEB = 0.809 - 0.0372d1l2 

aMAR = 0.798 - 0.0291d 

aAPR = 0.887 - 0.0326d 

<Xmonth = daily albedo during specified month 

20 

(Ua) 

(lIb) 

(Ue) 

(Ud) 

(Ue) 

(Ut) 



fl ) . 

( 

! i, 

(, 

! ! 
\ I 

;-\ 

I., 

tl 
r I, 

" \) 

,"-' 
I i 
\ I , -I 

~J 

I 
\ 

! 1 

'. 

d = days after snowfall. 

This model Was developed primarily for the high albedo, or nonmelt, season when snow 

depths are greater than 10 em. Herein the equations were applied even when depths were 

less than 10 em in order to obtain albedo values for the entire winter. 

The Gray and Landine (1987) model was developed in Saskatchewan for the 

period from February until the end of the winter season. It includes predictions for the 

nonmelt period. The model requires net radiation data which were not available; 

therefore, only the temperature criteria were used as conditions for the melt period 

determination. 

The Rogers et al. (1995) model used was altered from that shown in Table 1. The 

original model includes adjustments for cloud cover and solar noo.n angle; however, with 

these adjustments the model, at times, predicts albedo. values greater than one. Such 

albedo values are theoretically impossible; therefore, the sky condition adjustments 

(cloud cover and solar noon angle) were omitted, resulting in predictions o.f albedo. values 

less than one. 

Figures 5a threugh 5d show the mean absolute error, the root mean square error, 

the mean absolute percent error and the modeling efficiency, respectively, for Medel. 1, 

Medel 2 and the three existing models for each of the 11 winter seasons (l979~ 1990). 

The winter season begins in November of the year shown en the abscissa of each figure. 

Modell, Medel 2 and the Gray and Landine (1987) model predict albedo with the 

highest modeling efficiencies for all years tested (Fig. 5d). During the high snowfall 

seasons Model 1 and Model 2 had lower mean absolute errors and higher modeling 
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efficiencies than the other models tested. The winter seasons of 1980, 1986 and 1989 had 

total snowfall depths less than 60 cm. During these low snowfall seasons, only the Gray 

and Landine model gave reasonable albedo predictions. All other models tested had 

negative modeling efficiencies. The Gray and Landine model computes the increase in 

albedo after a new snowfall as a function of the amount of snowfall; therefore, in low 

snowfall seasons, the Gray and Landine model tends not to overpredict albedo as do the 

other models. 

2) ALBEDO PREDICTIONS FOR RYAN LAKE, 1996-1997 

Figures 6a through 6c show comparisons of the albedos predicted by the three 

existing models with the albedos measured at Ryan Lake. A one to one line is included 

in each figure. These figures may be compared to Figs. 3a and 3b, which are for Modell 

and Model 2, respectively. The highest modeling efficiency of the existing models is 

0.47 for the Gray and Landine (1987) model (Fig. 6a). The Baker et al. (1990) model in 

Fig. 6b consistently overpredicted albedo during the melt season. The Rogers, et al 

(1995) model generally underpredicted new snowfall albedos throughout the study period 

and also underpredicted snow albedos during the melt season (Fig. 6c). 

An error analysis was performed on the albedo predictions by each of the three 

existing models, and the results are given in Table 4. Included in Table 4 are the 

statistical parameters for Modell and Model 2 (reprinted from Table 3) for comparison 

purposes. Not surprisingly the predictions by Modell and Model 2 are better since these 

models were calibrated against the Ryan Lake data, while the existing models were not. 
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The mean absolute error, the root mean square error, and the mean absolute percent error 

are nearly identical for the three existing models. The MAE is less than 0.10 for all three 

existing models, and the average RMSE of the existing models is 0.11. 

The errors of the existing models in predicting the albedos measured on Ryan 

Lake (Table 4) are lower than the errors in predicting the prairie snow albedos measured 

at the University of Minnesota, St. Paul, climate station. The lower error values are most 

likely due to two reasons: (1) The Ryan Lake study period from December 17, 1996, to 

March 21, 1997, excluded the fall snow~accumulation season and the final portion of the 

spring melt period. (2) The total snowfall during the period of study was high (111 cm). 

8. Summary 

Snow and ice albedos were measured on a lake in southe'astem Minnesota for 95 

days during the winter of 1996~97. The average albedo measured after a new snowfall 

was 0.83, and the average measured ice albedo after the snow had melted was 0.36. The 

highest albedo measured was 0.90 (snow) and the lowest was 0.33 (ice). Two daily snow 

albedo models were developed from the collected data. One model uses accumulated 

solar radiation and accumulated air temperature to predict albedo. The second model 

predicts albedo based on days after snowfall. Data for those three independent variables 

are available from weather stations. Both models divide the winter period into a nonmelt 

period and a melt period based on average daily air temperature and total daily incoming 

solar radiation. Modell and Model 2 predicted albedos for Ryan Lake (1996~97) with 

modeling efficiencies of 0.94 and 0.89, respectively. 
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Predictions by both models were compared to 11 years (1979-1990) of daily 

winter surface albedos measured over snow-covered grassland in St. Paul, Minnesota. 

Each model predicted winter albedos with modeling efficiencies greater than 0.50 for six 

of the eight high snowfall (total snowfall greater than 60 cm) seasons. Three existing 

albedo models were also applied to predict snow albedos for the same 11 years. Model 1 

and Model 2 developed herein consistently predicted surface albedos with higher 

modeling efficiencies than either the Baker et al. (1990) model or the Rogers et al. (1995) 

modeL The third model, Gray and Landine (1987), predicted surface albedo with 

modeling efficiencies greater than either Model 1 or Model 2 during winters when the 

total snowfall was less than 60 cm. However, during high snowfall winters, Model 1 and 

Model 2 predicted albedo with modeling efficiencies greater than or comparable to the 

Gray and Landine model. 

The predictions of the three existing models were also compared to the albedo 

data collected during the Ryan Lake field study. The modeling efficiencies of the three 

models ranged from 0.31 for the Rogers et al. (1995) model to 0.47 for the Gray and 

Landine (1987) model, much lower than the modeling efficiencies Model 1 and Model 2 

developed herein. 

9. Recommendations 

Further studies need to be performed to see how the period prior to the nonmelt 

period, Le., the snow-accumulation period, should be modeled. For now it is suggested 

that the equations used during the melt season be used also during the accumulation 
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season. Additional work needs also be done on albedo decay for very shallow snow 

depths « 1 cm). However, considering the length of the entire winter season, errors 

incurred when snow depths are small may be insignificant. Finally, more specific criteria 

need to be developed for determining the division between melt and nonmelt periods. 
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Table 1. Summary of snow albedo models found in the literature. 

where 

Albedo Model 

fR(a)Gc(a)dA. 

fGcCa)dA. 

R(a) ""spectral reflectance o/snow 
G(a) =incident flux 

base albedo = 0.84 (for new snow) 

Aging adjustments: 
b.a = _10-(1.22+0.69d) (accumulating)' 
Aa;:: .10-(o.9s+0,07d) (melting) 

d=# days since last snow/all (1,2 ... ) 

Sky condition adjustments: 
b.a;:: -0.019 +.0.248(exp(-J3/15.5)] 
Aa;:: 0.00449 + 0.097C3 

P = solar noon angle (degrees) 
c= jractional cloud cover 
If rain and albedo> 0.8, then subtract 0.05 before 
other adjustments .. 

amin + (a(O)-a.min)e-nlK 

a(O) := albedo on snm~fall day (0.85) 
ami""" converged albedo value 
11= # days after snowfall (0,1,2 ... ) 
K = rate of decrease parameter 

0.90 - 9.2lx 10-4 T ace - 0.0042 SR 
(melting season) 

Tacc""accumulated daily ma'(imum temperature index 
(F) 
SR=solar radiation (m Wkm2) 

0.839 - 0.0473 nl12 

11= # days after snoufall • 

Maximum albedo;:: 0.85 
a(to/) = albedo jrom preceding day 
DR = decay rate 
Model algorithm included in reference. The decay 
rate changes depending on snow depth and whether a 
defmed melt period has begun. 

Inputs Required 
(l) Clear sky atmospheric 
parameters: 
ozone path length, precipitable 
water, turbidity, and surface 
pressure 
(2) cloud optical thickness, 
(3) grain size of snow 

(1) Days after snowfall 
(2) Solar noon angle 
(3) Fractional cloud cover 
(4) Precipitation 

(I) Days after snowfall 

(I) Temperature 
(2) Solar radiation 

(I) Days after snowfall 

(1) Sno\\fal\ 
(2) Maximum temperature 
(3) Net radiation 
(4) Starting albedo 
(5) SnO\y depth 

Reference 

Choudhury and 
Chang (1981) 

Roger~ et al. 
(1995) follows 
Petzold (1977). 

Kondo and 
Yamazaki 
(1990) 

Winther (1993) 

Baker et al.. 
(1990) 

Gray and 
Landine (1987) 
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Figure 2. Measured daily albedo values during nonmelt period (December 17, 1996 
to February 17, 1997) and melt period (February 18 to March 21, 1997). 
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Predicted albedos (Modell) versus observed albedos from Ryan Lake, 
December 17, 1996, to March 21, 1997. 
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Total snowfall depths and modeling efficiencies of Model 1 and Model 2 
in predicting prairie snow albedo for the winter seasons 1979 to 1989. 
Observed albedo values were measured at the University of Minnesota, St. 
Paul. 
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Predicted albedos (Baker et al. 1990 model) versus observed albedos from 
Ryan Lake, December 17, 1996, to March 21, 1997. 
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PYRANOMETER COMPARISON IN MEASURING SNOW AND ICE ALBEDO 

by Heather E. Henneman and Heinz G. Stefan 

ABSTRACT; In order to obtain total short-wave albedos of snow and ice, both incident 
and reflected solar radiation were measured over a frozen lake surface using two different 
types of radiation measurement devices: a Kipp and Zonen thermopile pyranometer with 
a spectral sensitivity of 300 to 2800 nm and aLI-COR photovoltaic pyranometer with a 
spectral sensitivity of 400 to 1100 nm.. The spectral response of the LI-COR 
pyranometers limits its use as a short-wave radiation measurement device. Therefore, 
two equations were developed to adjust both the daily incident radiation data and the 
daily reflected radiation data measured by the LI-COR instrument to total short-wave 
radiation values, i.e., to the waveband of 300 to 2800 nm. The LI-COR data were then 
adjusted, and a total short-wave adjusted albedo was calculated with a modeling 
efficiency of 0.97. 

Keywords: snow and ice albedo, solar radiation, pyranometer, thermopile, photovoltaic 



1. Introduction 

Total short-wave albedo refers to the ratio of reflected solar radiation to incident 

solar radiation at a surface. Albedo is a critical parameter for the surface heat balance in 

any part of the world. Radiative fluxes dominate the surface energy balance of many 

snow- and ice-covered regions, and the albedo has a controlling influence on the 

absorption of radiative energy in those regions (Conway et aI., 1996). Snow and/or ice 

albedos are need~d for global climate models (Marshall and Oglesby, 1994), snowmelt 

'predictions (Kondo and Yamazaki, 1990), and winter lake water quality models (Fang 

and Stefan, 1996; Rogers et aI., 1995). 

Pyranometers are instruments used to measure global solar radiation (the 

combination of direct-beam and diffuse-sky' radiation) arriving from the whole 

hemisphere (Garg and Garg, 1993a). Two types of pyranometers are commonly used to 

measure global solar radiation. Thermopile sensors, which thermodynamically convert 

solar radiation into a measurable electrical energy, are the most widely accepted 

pyranometer type because of their long-term stability and because their response is not 

strongly wavelength dependent (Boer and Duffie, 1985). The second pyranometer type, 

the photovoltaic sensor, directly converts solar radiation into electrical energy at the 

quantum level. This second type of radiometer is generally less expensive and has a more 

rapid response to changes in solar radiation (e.g., due to cloud cover changes) than the 

thermopile type; however, because of the quantum electronical transitions involved, the 

photovoltaic sensor is wavelength dependent and generally has a limited spectral 

response (Suehrcke, et aI., 1990; Garg and Garg, 1993a). 
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The total short-wave surface albedo of snow and ice was measured during a field 

study conducted on Ryan Lake in Minneapolis, Minnesota, during the winter of 1996-97 

(Henneman and Stefan, 1997). Incoming and reflected solar radiation were measured by 

two different sets of instruments. Two of the pyranometers were thermopile 

pyranometers manufactured by Kipp and Zonen. The other two were photovoltaic 

sensors manufactured by LI-COR. 

Although the manufacturer does not recommend that LI-COR sensors be used for 

measuring reflected radiation due to their limited spectral response, the substantial price 

difference between the two types warranted a study to ascertain whether LI-COR 

radiation measurements could be adjusted to give a reasonable estimate of total.short-

wave surface albedo. Additionally, photovoltaic sensors are generally easier to maintain 

than thermopile sensors, allowing for longer-term studies and data acquisition at remote 

sites without frequent manual checks. The measurements by the Kipp and Zonen 

thermopile sensors and the LI-COR photovoltaic sensors are related to each other in this 

paper. The general features, specifications, spectral response curves, installation and 

maintenance, and output of the different types of pyranometers are compared. 

2. Instrumentation 

2.1 Kipp and Zonen thermopile pyranometer 

The Kipp and Zonen (K&Z) CM3 pyranometer measures solar irradiance over 

the wavelengths of 305 to 2800 nm. The pyranometer consists of a thermopile sensor, a 

housing for the sensor, a glass dome, a radiation shield to protect the instrument housing 

from direct sunlight, and a cable to which a voltmeter may be connected. A diagram of 
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the K&Zpyranometer is shown in Fig. 1. Generally, thermal radiation sensors use the 

temperature difference between a (black) surface exposed to solar radiation and the 

ambient temperature as a measure for the incident radiation. The thermopile in the CM3 

pyranometer is coated with a black absorbent coating. The radiation is absorbed by the 

paint and is converted to heat. The resultant energy flow is converted to a current by the 

thermopile which consists of multi-junction thermocouples. Because the thermopile is 

shunted by aresistance, a voltage output is generated. 

2.2 LI-COR photovoltaic pyranometer 

The LI-COR LI-200SA (LI-COR) pyranometer measures solar irradiance over the 

wavelengths of 380 to 1100 nm. This pyranometer operates using the photoelectric 

effect. The photo diode is made of a semiconducting material like silicon. In a 

semiconductor a p-n junction is formed by joining an electron-deficient material (p-type) 

to a hole-deficient material (n-type), where a "hole" is an electron vacancy. Light energy, 

or in this case, solar radiation, absorbed by the electrons causes a movement of electrons 

and holes, thereby, resulting in an electrical current (Merrigan, 1982). The LI-COR 

pyranometer consists of a high stability silicon photovoltaic detector, an acrylic diffuser, 

a housing and a cable. A diagram of the LI -COR pyranometer is shown in Fig. 2. A 

resistance recommended by the manufacturer is used to generate a voltage output. 

2.3 Specifications 

The main specifications for each type of pyranometer are shown in Table 1. The 

reference manual for each type of instrument contains a more extensive list of 
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specifications. A definition of each specification listed and a brief comparison of the two 

instrument types are given below. 

Definitions ofthe specifications listed in Table 1: 

(a) Sensitivity-the ratio of the output signal of the pyranometer to the received 

irradiance. This is sometimes called the calibration constant. 

(b) Response time-the time for the output signal to reach 90% of the final value 

after an abrupt change in irradiance. 

( c) Temperature dependence of sensitivity-the variation of sensitivity with a change 

in ambient temperature. 

(d) Linearity-the ideal pyranometer should provide an output signal that is directly 

proportional to the radiation received over a normal range of irradiance levels. 

The deviation from this ideal is indicated by the linearity specification. 

(e) Tilt response-the change in sensitivity of the instrument depending on the 

orientation ofthe detector with respect to the horizontaL 

(t) Stability-a measure of the change in sensitivity of the instrument due to time and 

exposure to radiation. 

Of the specifications listed in Table 1, the most substantial differences are 

between the sensitivities and the response times of the two instrument types. The 

differences in these specifications are, however, not critical for the following reasons. 

The sensitivity of the data logger used with both instrument types is limited to millivolts. 

Therefore, although the K&Z sensor has a higher resolution, the precision is limited by 

the data logger, and the sensitivity difference between the two instrument types is 

effectively reduced. The photovoltaic sensor responds nearly instantaneously to changes 

in the incident photon flux, while the thermopile sensor's response time is much slower. 

However, when the radiation measurements are integrated over sufficiently long periods 
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of time (e.g., one day), such a response time error may be ignored (Suehrcke, et aI., 

1990). 

The differences between the remaining specifications of the two instrument types 

were negligible. The third specification listed in Table 1, the temperature dependence of 

the sensitivity of the instrument, is nearly the same for both types of pyranometers. For 

the linearity specification, the LI-COR sensor deviates slightly less from the ideal than 

the K&Z sensor. The tilt response error is minimized by keeping the pyranometers level 

with the horizon. Because both sets of instruments were less than two years old and, 

therefore, had been recently factory calibrated, stability differences were also negligible. 

2.4 Cosine errors 

In addition to the instrumental errors specified in Table 1, an important source of 

error is that caused by deviation from the cosine law. The reflectance/absorptance of any 

surface is dependent on the angle at which the radiation strikes the surface. Cosine errors 

are caused by the failure of the instrument response to correspond with the theoretically 

required cosine response to radiation at any angle. Ideally, the vertical component of the 

radiation is accepted by the detector according to the Lambert cosine law, which is as 

follows: 

where: 

'Y = angle between radiant beam and normal 

1= radiant flux density 

(1) 
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1o ;:::: maximum radiant flux density. 

The cosine error (%) is measured as (Garg and Garg, 1993b) 

output of the pyranometer 
cosine error:= X 100 (2) 

Iocosy 

A perfect cosine response will show maximum sensitivity at y;::::Oo and zero 

sensitivity at y=90°, when the radiation passes over the sensor surface. Reasons for 

deviations from the ideal response include striations or optical defects in the pyranometer 

covering, unevenness in the detector surface, and, in the case of the K&Z pyranometer, 

internal reflections within the glass dome. Incorrect leveling of the sensor can also 

contribute to cosine errors (Boer and Duffie, 1985; Garg and Garg, 1993b) 

For the K&Z pyranometer, the cosine error is specified by the manufacturer as 

being less than ± 2% for angles less than 60° from the normal axis of the sensor (y < 60°). 

At 70° the cosine error is about ± 4%, and the error increases to ± 6% for incident angles 

greater than 80°. The LI~COR sensor is cosine corrected by the manufacturer so that 

cosine errors are typically less than ± 5% for angles less than 80° from the normal axis of 

the sensor. 

2.5 Spectral response 

The solar spectrum at sea level (Kasten, 1983) and the manufacturer-specified 

spectral response curves for both types of instruments are shown in Fig. 3. The spectral 

response of the K&Z thermopile pyranometer is almost "ideal" in that it has a nearly 
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uniform response at all wavelengths. An ideal instrument for measuring solar radiation 

would have a uniform sensitivity, or "flat" response, and not detect radiation outside the 

solar spectral region. The spectral response of the LI-COR photovoltaic pyranometer has 

a spectral response curve limited to the range of 400 to 1100 nm. As shown in Fig. 3, the 

LI -COR curve is not uniform over this range. 

The spectral albedo of snow, or the albedo as a function of wavelength, remains 

above 0.90 in the range of wavelengths from 300 to about 900 nm. The spectral albedo 

then falls to an average of approximately 0.35 for the range 1500 to 2500 nm (Grenfell, et 

aI., 1994). It follows that the LI-COR sensor with a spectral response limited to the range 

400 to 1100 nm will measure a higher total albedo (wavelength-integrated albedo) than 

the K&Z sensor, which is sensitive to the wavelength range of 300 to 2800 nm. 

3. Experiment 

3.1 Installation and maintenance 

In order to determine the total albedo, hereafter referred to simply as albedo, of a 

winter lake surface, an albedometer was constructed by vertically mounting two 

pyranometers of the same type above the surface of the lake. One pyranometer was 

oriented with its collecting surface facing upward to collect incident radiation, while the 

other pyranometer was positioned facing downward to collect reflected radiation. Both a 

K&Z and aLI-COR albedometer were constructed and used to collect incident and 

reflected radiation over Ryan Lake in the Minneapolis/St. Paul metropolitan area. The 

equipment was mounted so that the lower pyranometer of each albedometer was 1.6 m 
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from the lake surface. This is the height recommended by the manufacturer to avoid 

shading effects and to promote spatial averaging. A spirit level mounted on each type of 

pyranometer allowed the instruments to be leveled with respect to the horizontal. Figs. 

4a and 4b show photos of both albedometer types at the field site. Fig. 5 shows the entire 

collection apparatus. 

While in~talled at the field study site, each instrument was wiped free of dirt or 

cleaned of ice or frost at least twice a week. Additional cleanings were made after snow 

or rainfall events. After cleaning, the instruments were also checked to make sure they 

remained level. The K&Z instrument had to be cleaned of ice more often than the 

LI-COR instrument, most likely because moisture collected more easily on the larger 

glass dome of the K&Z pyranometer than on the flat acrylic surface of the LI-COR 

sensor. 

3.2 Data collection 

Before installing the equipment at the lake site, the two pyranometers of each type 

were checked to make sure their output was synchronized. To do this the output of the 

pyranometers, placed with collecting faces oriented upward, was collected for a period.of 

seven hours. During that time the instruments were closely monitored to insure that the 

instruments remained level with respect to the horizontal. The average percent difference 

between the readings of the two K&Z instruments was 0.2± 1.8% (mean± std. dev.), 

while the average percent difference for the LJ-COR instruments was 0.4± 1.2%. 
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Because of the small differences in the output of the pyranometers, no adjustments were 

made to the instruments. 

The instruments were also checked at the conclusion of the field study. The 

average percent difference between the readings of the K&Z pyranometers was 

1.7 ± 0.7%, and the average percent difference for the LI-COR pyranometers was 

1.6± 0.7%. The differences between measurements taken by like instruments had 

increased, while the standard deviations had decreased. Additionally, at the end of the 

study, one instrument of each type consistently measured higher values than the other. 

F or both instrument types, the instrument which at the end of the study measured higher 

values was the instrument which had been inverted throughout the study. Of note is that, 

prior to the study, the instruments which were to be inverted generally measured lower 

values than the second instrument of the same type. Whether the reason for the increase 

in error was due to the instrument being inverted for three months is not known; however, 

future investigators might watch to see if such trends exist. 

The field study was conducted from December 17, 1996 to March 21, 1997. 

Incident and reflected radiation were measured throughout the field study at one-minute 

intervals. These one-minute measurements were averaged and stored every 15 minutes 

by a Campbell Scientific CRI0 data logger. The total daily radiation for either incident 

or reflected solar radiation was then obtained by integrating the output of each 

pyranometer over the daylight hours. Average daily albedo was calculated from these 

integrated radiation measurements as the ratio of total reflected to total incident solar 

radiation. 

10 
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4. Results and discussion 

4.1 Data 

Figs. 6 and 7 show, respectively, the total daily incident solar radiation and total 

daily reflected solar radiation values integrated from the output of each pyranometer type. 

As shown in Fig. 6 the total incoming solar radiation measured by K&Z and LJ-COR 

pyranometers for each day of the study are very similar. Further inspection shows that 

the total daily incoming solar radiation measured by the LJ-COR pyranometer was 

slightly higher than that measured by the K&Z pyranometer for the majority of the days 

studied. 'Fig. 7 shows that the reflected radiation measured by each instrument followed 

the same temporal pattern, however, the measurements recorded by the LJ-COR sensor 

are consistently higher than those of the K&Z sensor. 

The average daily albedo calculated from the total daily radiation values of both 

sets of pyranometer types is shown in Fig. 8. As could be predicted from the incoming 

and reflected radiation data, the albedos measured by both sets of instruments follow the 

same temporal trends. For the most of the time the albedo measured by the LI-COR 

instrumentation is higher than the albedo measured by the K&Z instrumentation. The 

spectral response of the LJ-COR pyranometer is limited to that range of wavelengths 

where spectral albedo is highest; therefore, the albedo measured by LI-COR was expected 

to be higher . 
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4.2 Data Validation 

In order to determine whether the K&Z instrumentation measured reasonable 

solar radiation values, the K&Z daily incoming solar radiation data were compared to 

data collected at a climatological station at the University of Minnesota St. Paul campus. 

The station is located 12 kIn from Ryan Lake. An Eppley pyranometer with a spectral 

sensitivity of 280 to 2800 nm is used at that station to measure incident radiation. The 

mean absolute percent error between daily incident radiation measurements made by the 

K&Z and Eppley pyranometers was 2.2% for the field study period, indicating that the 

K&Z data were reasonable. 

4.3 Error Between Instruments 

Seven of the 95 days of the study were omitted from the data analysis. On the 

omitted days snow or ice covered one or both of the upward-facing instruments for part 

of the day, resulting in erroneous incident radiation measurements. These days were 

eliminated from all calculations. The eliminated days were December 22 and 23, 1996, 

January 4 and 5, February 22, and March 3 and 4, 1997. Table 2 summarizes the errors 

between the measurements taken by the LI-COR and K&Z instruments. The errors were 

calculated from total daily radiation measurements. 

The mean absolute error (MAE) between the measurements of the two instrument 

types is 0.19 MJ m -2 day -I for total daily incident solar radiation. This corresponded to a 

mean absolute percent error (MA%E) of 2.6%. The root mean square error (RMSE) 

between instrument measurements of daily incident radiation is 0.31 MJ m-2 day -I. Both 

RMSE and MAE give a measure of the deviations between data measured by the two 
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types of instruments. The RMSE value is greater than the MAE value because the 

difference between measured values is squared when calculating RMSE. 

The errors between measurements of total daily reflected radiation are greater than 

those of incident radiation. The MAE between daily measured values is 

0.61 MJ m'2 dail. The MA%E between the two daily reflected radiation totals is 8.9%, 

much higher than for the incident radiation. The RMSE of 0.73 MJ m'2 dail is also much 

higher. 

For daily albedo, the MA%E between measurements is 7.2%, while the mean 

absolute error (MAE) between measurements is 0.057. The RMSE is 0.064. Again, the 

daily albedo measurements calculated from LI-COR data were greater than those from 

K&Z data for the majority of the field study days. 

The difference between radiation measurements generally increased with an 

increase in cloud cover. This was most likely due to the slight shift in the solar spectrum 

on cloudy days. Clouds absorb a higher po~ion of infra-red than visible radiation. Thus, 

a relatively high portion of visible radiation reaches the surface under cloudy conditions. 

(Male and Granger, 1981; Warren, 1982). Because of the limited spectral response curve 

of the LI-COR sensor, its response to such shifts in the solar spectrum is small, and the 

error in measurements increases on overcast days. On the other hand, the K&Z sensor 

has a nearly ideal spectral response allowing the instrument to respond to shifts in the 

solar spectrum. Hence, the difference between K&Z pyranometer data and LI-COR 

pyranometer data generally increases when a cloud cover exists. 
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4.4 LI-COR Data Adjustments 

The total albedo measured by LI-COR instrumentation is limited to wavelengths 

of 400 to 1100 nm. Because LI-COR instrumentation is less costly and is also easier to 

maintain, an analysis was performed to determine whether an adjustment could be made 

to LI-COR radiation data to obtain total short-wave albedo. Since the K&Z pyranometers 

used are sensitive to wavelengths from 300 to 2800 nm and have nearly ideal spectral 

responses, the K&Z data were used as the standard to which the LI-COR measurements 

were compared. 

The total daily incoming radiation measured by the K&Z pyranometer is plotted 

against that measured by the LI-COR pyranometer in Fig. 9a. Fig. 9b shows the total 

daily reflected radiation values measured by K&Z versus those meflsured by LI-COR. 

Simple linear regression analyses were performed on both the incoming and reflected 

radiation data, and the results of these analyses are included in Figs. 9a and 9b, along 

with the coefficients of determination (r2) for each linear relationship. 

Eqs. (3) and (4) were found to predict from LI-COR measurements the incident 

and reflected total daily short-wave radiation measured by the K&Z instrumentation. 

Both equations predict the incident and reflected daily solar radiation with modeling 

efficiencies (EF) greater than 0.99. Whereas r2 is interpreted as the proportion of 

variation explained by a fitted regression line, EF is a measure of variation about a set 

line of y = y, where y = observed value and y = predicted value. It is a measure of 

goodness of fit, and its equation is shown in Table 3. 
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Ijncid~nt;::: 1.0(LI-CORjncident) - 0.12 

Ireflected;::: 0.90(LI-CORreflected) + 0.058 

where: 

Iincident;::: adjusted total daily incident radiation (MJ m"2 day"l) for the waveband 300 to 

2800 nm 

Iretlected:::: adjusted total daily reflected radiation (MJ m"2 day"l) for the waveband 300 to 

2800 nm 

LI-CORincident = total daily incident radiation (MJ m-2 day"l) as measured by LI-COR 

pyranometer for the waveband 400 to 1100 nm 

LI-CORreflected = total daily reflected radiation (MJ m"2 day"l) as measured by LI-COR 

pyranometer for the waveband 400 to 1100 nm 

(3) 

(4) 

The results ofEqs. (3) and (4) were used to compute an adjusted total'albedo from 

the LI-COR data, i.e" the adjusted albedo was simply calculated as the ratio of adjusted 

reflected radiation to adjusted incident radiation. 

Adjusted Albedo;::: 0.90 (LI - COR reflected ) + 0.058 
(LI - CORincidend - 0.12 

(5) 

Error analyses were performed between the measured K&Z data and adjusted 

incident radiation, adjusted reflected radiation, and adjusted albedo. The results are 

shown in Table 3. The MA %E between the reflected radiation measured by K&Z and the 

adjusted LI-COR data is 2.1%. Before adjusting the LI-COR data, the MA%E between 

reflected radiation measurements ofthe two instrument types was 8.9% (See Table 2.) 
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Using the K&Z measurements o.f albedo. as a reference, Eq. (5) predicted to.tal 

sho.rt-wave albedo. with an EF o.fO.97. The RMSE fo.r the differences between measured 

and predicted albedo. is o.nly 0.026. Fig. 10 sho.ws the predicted (adjusted) albedo. values 

plo.tted against the measured K&Z albedo. values and a o.ne to. o.ne line fo.r co.mpariso.n. 

5. Summary 

Sno.w and icealbedo.s were measured o.ver a freshwater lake during the winter o.f 

1996-97. A co.mpariso.n study was co.nducted between the two. types o.f so.lar radiatio.n 

measurement devices used to. o.btain albedo. values. A Kipp and Zo.nen thermo.pile 

pyrano.meter and aLI-COR pho.to.vo.ltaic pyrano.meter were used to. measure incident and 

reflected so.lar radiatio.n. The K&Z senso.r has a spectral sensitivity o.f 300 to. 2800 nm, 

while the LI -COR senso.r respo.nds to. the waveband o.f 400 to. 1100 nm. 

Average daily albedo. was calculated fro.m the measurements o.f bo.th instrument 

types. The LI-COR instrumentatio.n measured higher daily albedo. values than the K&Z 

instrumentatio.n fo.r the majo.rity o.fthe study. 

Eqs. (3) and (4) were develo.ped to. adjust bo.th the incident and reflected LI-COR 

data so. that to.tal sho.rt-wave radiatio.n values eQuId be calculated (300 to. 2800 nm). The 

adjusted radiatio.n values were used to. co.mpute to.tal sho.rt-wave albedo.. The adjustment 

Eq. (5) predicted to.tal sho.rt-wave albedo. with a mo.deling efficiency o.fO.97. 
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6. Conclusions 

Although the spectral response of aLI-COR pyranometer is limited, the 

developed adjustment equations (Eqs. (3) to (5» allow LI-COR equipment to be used for 

obtaining a measure of short-wave albedo for snow and ice surfaces. The low cost and 

ease of maintenance make such instrumentation favorable for similar winter studies, or 

for studies in remote locations. 

The adjustment equations (Eqs. (3) to (5» may not be applicable over all terrain. 

The study was conducted over a snow and/or ice surface; therefore, the adjustment 

equations developed here may not be suitable for reflected radiation from other surfaces. 

Additionally, the radiation adjustment equations may not be appropriate for use at 

locations where the solar angle is much different. At lower or higher solar angles the 

adjustment equations may not be reliable. Longer term comparison studies and studies at 

different sites would need to be conducted in order to determine whether the equations 

could be more generally applied. A longer study might also ascertain whether the 

inversion of pyranometers measuring reflected solar radiation does contribute to an 

increase in instrumental error with time as suggested by this study. 
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Table 1. Specifications of Kipp and Zonen and LI-COR pyranomcters 

Specification Kipp and Zonen CM3 LI-COR 200SA 

Sensitivity 18-19 /-LV W 1m-2 69-73 mV W-1m-2 

Response time 95%in18s 10J-Ls 

Temperature dependence 6% from -10 to +40DC or ± 0.15% per DC maximum 
of sensitivity ~± 0.12% per DC 

Linearity ± 2.5% « 1000 W/m2) ± 1% « 3000 W/m2) 

Tilt response <±2% No error induced from 
orientation. 

Stability < 1 % change per year < 2% change per year 



Table 2. Errors between Kipp and Zonen data and LI-COR data 

Statistical Incident Reflected 
Parameter Radiation Radiation Albedo 

MAE 1 0.19 MJm-2day"1 0.61 MJm-2day"1 0.057 

RMSE2 0.31 MJm-2day"1 0.73 MJm-2day"I, 0.064 

MA%E3 2.6 8.9 7.2 

IMean Absolute Error (MAE) = L:IYI -Y21 
n 

2 L(YI - Y2Y 
Root Mean Square Error (RMSE) = ~ n 

3 100IIYI - Y21 
Mean Absolute Percent Error (~%E) = -;; IYI I 

YI = K&Z value 
Y2 = LI-COR value 
n = number of data points 
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Table 3. Errors between K&Z datu and adjusted LI-COR meusurements 
of incident rudiution, reflected radiution, and ulbedo. 

Adjusted Adjusted 
Statistical Incident Reflected Adjusted 
Parameter Radiation Radiation Albedo 

MAE 0.15 MJ/m2/day 0.12 MJ/m2/day 0.018 

RMSE 0.29 MJ/m2/day 0.18 MJ/m2/day 0.026 

MA%E 1.8 2.1 2.7 

EFI 0.996 0.998 0.97 

'Modeling efficiency (EF) 0= 1 -
~61-Yaqjy 
L:(Y,- YY 

>'1 ;= K&Z value 
Yadi == adjusted LJ-COR value 
y = average K&Z value 
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Figure 1. Schematic ofKipp and Zonen eM3 pyranometer. 
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Figure 2. Schematic ofLI-COR LI-200SA pyranometer. 
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Figure 3. Extraterrestrial solar spectrum and spectral distribution of solar radiation 
at the earth's surface (Kasten, 1983) and the spectral response curves of 
the Kipp and Zonen and LI-COR pyranometers. 
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Figure 4a. Photo of Kipp and Zonen albedometer. One pyranometer is mounted to 
collect incident solar radiation, while the other is mounted to collect 
reflected solar radiation. 



Figure 4b. Photo ofLI-COR albedometer. 
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Figure 5. Photo of equipment on Ryan Lake. Eachalbedometer is mounted 1.6 m 
above the lake surface. A thermistor with protective housing is mounted. 
on the center pole, and a data logger is mounted near the center pole. 
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Figure 6. 
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Total daily incident solar radiation measured by LI-COR and Kipp and 
Zonen pyranometers on Ryan Lake, December 17, 1996 to March 21, 
1997. 
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Figure 7. Total daily reflected solar radiation measured by LI-COR and Kipp and 
Zonen pyranometers on Ryan Lake, December 17, 1996 to March 21, 
1997. 
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Average daily albedo calculated from radiation data ofLI-COR and Kipp 
and Zonen pyranometers collected on Ryan Lake, December 17, 1996 to . 
March 21, 1997. 
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Figure 9a. 
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LI-COR Incident Radiation (MJ m-2day-l) 

Kipp and Zonen daily incident solar radiation versus LI-COR daily 
incident solar radiation. 
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Figure 9b. 

5 10 15 20 25 

LI-COR Reflected Radiation (MJ m-2day-l) 

Kipp and Zonen daily reflected solar radiation versus LI-COR daily 
reflected solar radiation .. 
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Figure 10. Adjusted daily albedo from LI~COR radiation data versus Kipp and Zonen 
measured albedo. The adjusted albedo was obtained from LI~COR 
measurements and Equation 5. 




