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ABSTRACT
A green roof is a specialized roofing system that supports vegetation growth on rooftops.
Due to benefits to the environment and energy savings, green roof technology is rapidly gaining
popularity in North America as a sustainable design option for buildings. Many previous studies
have demonstrated that the addition of green roofs could save energy for space cooling during the
summer. However, there are limited studies focused on the performance of green roofs during the
heating season, especially under snow. In order to contribute to green roof buildings in regions
with cold winter and snow, this current thesis presents an on-site experimental investigation and
focuses on the assessment of snow effects on heating loads calculation for green roof buildings
during the winter.
This field experiment took place during the winter of 2010-2011, monitored three green
roof buildings, two roof reference buildings and one bare soil roof building. The six buildings
were constructed identically and instrumented with a network of sensors. To describe the indoor
and outdoor environment of the buildings, a weather station collected meteorological data; the
sensor network was able to collect the data related to the building parameters. Manual
measurements were conducted during the snow period to obtain snow properties. The manual
data of three types of buildings were compared to each other. In addition, a heat balance model
for roofs with snow layer was set based on the collected data. In order to calculate the heating
loads and roof resistance better, a list of equations for snow conductivity calculation was given.
By regarding the measured heat flux through the roofing system as the main indicator to
show the roofs performance, an analysis was made to compare the different types of roof. The
comparison was made for one continuous week-time when there was snow on the roofs, and for
another continuous week-time during the no-snow period. The measured heat flux data were
analyzed statically by setting three null hypotheses; the results showed all the calculated p-values
were less than 0.05 and the hypotheses were rejected, indicating that the roof type was a
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significant factor affecting the heat loss through the roof from the building interior. The
comparison of mean heat flux showed the green roof building had the least heat loss among the
three types of buildings, regardless of the accumulated snow layer. In addition, the results
indicated that the green roof buildings had larger heat loss reduction when there was no snow on
the roofs. This may be because the existence of the snow layer affected the R-value of the entire
roofing system and the heat transfer process through the roofs, thus reducing the thermal
performance of the green roof.
Finally, the relationship between snow properties and heat loss was presented for each
type of buildings. The changes of daily snow properties, including snow depth, snow water
equivalent (SWE) and snow density were presented with the change of heat loss during the snow
period. The results indicated that the green roof buildings had different relationships compared
with other buildings.
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Chapter 1
Introduction

1.1 Background
Green roof (or ecoroof), which is a specialized roofing system that contains soil (growing
media) and vegetation layers as its outermost surface; is now becoming popular in North America

due in large part to the energy savings and potential environmental benefits (Sailor 2008;
Tabares-Velasco and Srebric 2009a). The additional layers of the green roof system, which
distinguishes it from traditional roofs, can create a green space. From bottom to top, a typical
green roof consists of several layers: regular roof layer, drainage layer, soil layer (substrate with
growing medium), and vegetation layer. This difference of layer components compared to the
traditional buildings affect the heat transfer through the building roofs.
The green roof industry grew at a rate of 50% from 2001 to 2004 (Miller and Narejo
2005). An increasing number of HVAC engineers are becoming interested in how the green roofs
affect the indoor environment. Observing the heat transfer process from the indoor environment
to the outside is one method to demonstrate the green roofs’ performance. Heat transfer through a
roof is mainly in the form of conduction. The rate at which heat is conducted depends on three
factors: the temperature difference across the surfaces in which the heat flows; the area of the
surface through which heat is flowing; and the thermal resistance (R-value) of the material to heat
transfer (Pita. 2002). Heat transfer through the roof directly affects the cooling and heating load
calculations for the building, which is a basis for HVAC system design. When calculating the
heating loads, the indoor design and outdoor temperature must be determined; then by selecting
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appropriate overall heat transfer coefficients (U-values), the heat transfer losses through all
exposed surfaces can be calculated. The multiple green roof components add additional thermal

resistance to the roofing system while calculating the cooling and heating loads and
designing the HVAC systems.
In North America, snow weather is very common for most areas. Snow layer on the roof
plays an important role in the heat transfer process from indoor environment to the outdoor
environment. Since the snow layer on the roof may act as either an insulator or conductor on the
regime below it (Zhang 2005); this could affect the green roof performance and indoor heating
loads during the winter.
In order to understand the green roof buildings’ annual performance, it is necessary to
determine how the green roof affects the building performance under snow condition during the
winter season. Large amount of previous literatures studied the green roof’s performance during
the summer season, but there is limited literature focused on the winter seasons, especially under
snow condition. Based on the current knowledge, how the snow affects the green roof buildings
has not been studied much in detail. To fill this knowledge gap, this thesis research seeks to focus
on how the green roof affects heating load calculation under snow condition.

1.2 Heating load measurements for a building enclosure
Heating and cooling load calculations are the primary design basis for most HVAC
systems of buildings. These calculations affect the size of piping, ductwork, diffusers, air
handlers, boilers, chillers, coils, compressors, fans, and every other component that is used for
conditioning the building indoor environments. Cooling and heating load calculations can
significantly affect first cost of building construction, comfort and productivity of occupants,
operating cost and energy consumption. In simple words, heating and cooling loads are the rates
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of energy input (heating) or removal (cooling) required maintain an indoor environment at certain
temperature and humidity levels. Heating and air conditioning systems are designed, sized, and
controlled to accomplish energy transfer. The energy required for heating or cooling at a
particular time varies greatly, depending on external and internal factors (ASHRAE 2005).
The building net heating load is the amount of heat required to maintain indoor design
conditions at outdoor design conditions; it is the sum of the building heat transfer losses,
infiltration losses, and ventilation load (Pita. 2002). Before designing the heating system,
estimation is required for the maximum probable heat loss of each room or space to be heated.
The indoor air temperature depends on its enthalpy. The air temperature decreases when
the air enthalpy decreases. The enthalpy must remain constant if a constant indoor air temperature
is needed. That means the enthalpy does not change and equals to 0 (Pita. 2002). Without heating
systems, indoor air temperature decreases due to two reasons: (1) heat transfer from the warm
inside air to the outside through walls, windows, ceiling, floor, and other parts of the building
envelope, and (2) the leakage of cold air through openings in the building (infiltration). To
counteract these heat losses, heat must continually add to the indoor environment in order to
maintain a desired air temperature; and the heat supplied by the heating system must equal the
heat losses from the building. In this way, the heating load requirements for buildings result from
heat transfer losses and infiltration/ventilation losses (Pita. 2002). The sum of the heat losses is
referred to as the heating load. This can be shown by applying the energy equation to the air in a
room or building. The energy added to the room air (E in) is the heat supplied by the heating
system (Qin). The heat removed (Eout) is the heat loss (Qout). The change in stored energy (Ech) is
the change in the room air enthalpy (Hch).
(1-1)
(1-2)
Where,
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Hch = change in room air enthalpy, W
Qin = heat supplied by heating system, W
Qout = heat losses from room air to outside, W
The actual heat loss problem is transient because the outdoor temperature, wind velocity,
and sunlight are constantly varying all the time. During the winter season, sustained periods of
very cold, cloudy, and stormy weather with relatively small variation in outdoor temperature may
occur. In this case, heat loss from the space will be relatively constant, and heat loss will peak
during the early morning hours without the internal heat gains. Therefore, during design
procedures the heat loss is often estimated for the early morning hours with steady-state heat
transfer assumption. Transient analyses are often used to study the actual energy requirements in
detailed simulations which need to consider the solar effects and internal heat gains (McQuiston,
Parker et al. 2005).
In the past, many inaccurate methods have been used to find heating loads. This can
result in unsatisfactory indoor air conditions and increased energy costs. States and agencies have
established codes that now require accurate heating and cooling load calculation methods (Pita.
2002).
ASHRAE offers some strategies for the load calculation. Calculating a residential heating
load involves estimating the maximum heat loss for each room or space and the simultaneous
maximum (block) heat loss for the building, while maintaining certain indoor conditions under
designed outdoor conditions. Heating load calculations for residential buildings use simple worstcase assumptions: no solar or internal gains, and no heat storage (with all heat losses evaluated
instantaneously). These assumptions result in a simple steady-state heat loss calculation, and
reduce the heating problem to a basic UAΔt calculation. Some current heating load calculation
procedures include residential heat balance (RHB) method; residential load factor (RLF) method
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and the common procedures apply to all load calculation approaches. Except for fenestration,
construction U-factors should be calculated or taken from manufacturer’s data, if available.
While estimating design heating load for commercial, institutional, and industrial
applications, consider the heat losses (negative heat gains) to be instantaneous, heat transfer is
essentially conductive, and treat the latent heat only as a function of replacing space humidity lost
to the outdoor environment (ASHRAE 2005).
The heating load calculation is important for the selection of the heating equipment,
piping and duct sizing, and in energy utilization studies. Accurately determining the heating load
is a fundamental step in planning a heating system. For the green roof building, it is necessary to
determine how the roofing system affects the heating load calculation during the winter.

1.3 Snow layer and green roofs

1.3.1 Snow layer on the roofs
Snow is a porous material that contains ice grains that are connected by bonds, air-filled
pore space, small amounts of impurities, and sometimes liquid water (Kaempfer 2009). Snow
accumulation on the roofs not only could result in overloading and possible collapse, but also
affect the heat transfer through the roofing system. Snow effects on heat transfer mostly depend
on snow properties, which could change largely with the process known as snow metamorphism.
Snow metamorphism modifies the particle shapes after the snow is deposited. The sintering
process leads to the complex microstructure of snow changes over time and result in a
redistribution of matter (Kaempfer 2009). Transport mechanisms consist of diffusion along grain
boundaries and surfaces as well as diffusion of water vapor through the pore space, accompanied
by sublimation and resublimation. The temperature gradient metamorphism (TGM) indicates the
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situation when the temperature gradient inside the snow induces a water vapor gradient in the
pore space and the snow microstructure changes due to diffusion, sublimation, and resublimation
(Kaempfer 2009); this may have critical effect on material properties of snow (Schneebeli 2004).
During metamorphism, the thermophysical properties evolve simultaneously with the
snow microstructure. There is a particularly strong relationship between heat transport and
metamorphism (Kaempfer 2009). The heat flow through snow induces mass flow and an
evolution of the ice and pore network as described above. Additionally, the microstructure affects
heat flow due to two reasons: difference of the heat conductivities of ice and air, and the phasechange processes and water vapor transport in the pore space that could redistribute heat.
Therefore, when considering the heat transfer process through the building roofs, snow effects
should not be neglected, as it is an important factor.

1.3.2 Potential benefits of green roofs
The green roof buildings are becoming popular as a result from their potential benefits.
Green roofs can offer thermal protection, which may reduce the thermal load and energy demand
applied to buildings. Green roofs also contribute to reduce storm water runoff, expand the lifetime
of roofing membranes, add aesthetic appeal, improve microclimate and reduce urban heat island
effect in cities (Wilmers 1990; Liu and Baskaran 2004). Vegetation surface shows lower radiative
temperatures than other hard surfaces with the same albedo. In fact, the thermal benefits of the
green roof are due to the combined results of both soil and vegetation layers. Furthermore, wet
soil can provide additional insulation to the roof for the whole day, while the vegetation layer
mainly provides sun protection during daytime (Wong 2003).
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1.3.3 Research gaps of snow effects on green roofs
This thesis research focuses on green roof’s performance during the heating season in
regions with commonly snow weather. Prior research efforts explored green roof performance
during the winter on a basis of annual observation, or explored it just for the comparison with
summer conditions. However, there exists limited research relating the snow condition to green
roof performance, nor considered snow as a major factor while describing the winter condition.
Some research studied this problem in locations with mild winter conditions (Santamouris 2007),
but the results may not be proper for the large area with cold winter and snow condition in North
America. Furthermore, previous research evaluated the green roof performance under winter
condition in a general way without indicating how the cold weather condition affects the green
roof’s performance, and detailed comparison between the green roofs and reference roofs during
the winter is very rare in the previous literature.

1.4 Objectives of the present work
Green roofs are a sustainable technology and could provide potential benefits to the
building environment. In previous research, the potential energy savings of green roof have been
widely studied; majority of the studies have proved that the green roof has a better performance
than standard roofs during the summer. However, it has not been studied in much detail during
the winter, especially under snow conditions. For buildings with green roofs, it is important to
understand its performance during a whole year period. The goal of this thesis research is to
present an experimental investigation and to discuss the snow effects on heating loads of green
roof buildings, in order to contribute to green roof buildings in regions with heating seasons and
commonly snow weather in North America.

Chapter 2
Literature Review

2.1 Snow effects on the thermal properties of ground

2.1.1 Introduction
The importance of the seasonal snow cover to ground beneath is widely recognized. The
presence of seasonal snow cover during the cold season of the annual air temperature cycle
significantly affects the ground thermal regime in cold regions. The high albedo and emissivity
make the snow a conductor, while high absorptivity and low thermal conductivity make the snow
layer an insulator. In addition, snow could be a heat sink due to high latent heat during snowmelt.
The overall impact of snow cover on the ground depends on many factors, including the timing,
duration, accumulation, melting processes of seasonal snow cover; density, structure, thickness of
seasonal snow cover; interactions of snow cover with micrometeorological conditions, local
micro relief, vegetation, and the geographical locations. The impact of seasonal snow cover also
changes over different timescales, and variations in seasonal snow conditions may significantly
contribute to the increase of ground surface temperature (Zhang 2005).

2.1.2 Factors affecting the ground thermal regime
Seasonal snow cover between the atmosphere and the ground surface is one of the
primary factors influencing the ground thermal regime in cold regions. The influence of the
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seasonal snow cover on the ground thermal regime can be explained by the following factors
(Zhang 2005).

1 High surface albedo
The surface albedo presents the ratio of the all wavelength solar radiation reflected by the
surface to that incident upon it (Henderson-Sellers and Hughes 1982; Barry 1996; Zhang 2005).
The surface albedo of a snow cover is affected by three sets of factors: (1) the snow cover
characteristics (grain size and shape, surface roughness, liquid water content, and any impurities);
(2) the solar zenith angle and the cloud conditions; and (3) the albedo of the underlying surface
up to some limiting threshold masking depth. Snow surface albedo ranges from less than 0.60 for
wet and melting snow to greater than 0.85 for fresh snow (Wendler 1988; Zhang 1996; Stamnes
et al. 1996). The high snow surface albedo results in a reduction in the absorbed solar energy and
lowering of snow surface temperature. The lower solar elevation in winter, especially at high
latitudes, relatively limits the cooling effects of snow albedo on snow surface during cold
seasons. (Zhang 2005).

2 Emissivity and absorptivity
Emissivity of snow ranges from 0.96 to 0.99, with an average of about 0.98. Therefore,
snow acts almost as a “blackbody” over the thermal infrared part of the radioactive spectrum.
This high emissivity on the snow surface implies a high absorptivity of snow surface as defined
by Kirchhoff’s law (Wallace 1977). In general, for a cold, dry, and clear-sky condition, higher
emissivity of snow cools the surface and often result in a low-level temperature inversion
(Serreze 1992).
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3 Low thermal conductivity
Thermal conductivity of the snow layer is primarily a function of snow density and
ranges from less than 0.1 W/(m·K) for less dense fresh snow to greater than 0.5 W/(m·K) for
more dense ripened snow, approximately 5 to 20 times lower than that of mineral soils. As a
comparison, thermal conductivity of pure ice at 0°C is about 2.24 W/(m·K), and the thermal
conductivity of air is about 0.025 W/(m·K). Snow has an extremely low thermal conductivity due
to the large fraction of filled air. Because of its extremely low thermal conductivity, seasonal
snow cover acts as an excellent insulator between the atmosphere and the ground (Zhang 2005).

4 Snow density and structure
The low thermal conductivity of snow depends on density and snow microstructure.
Snow density ranges from less than 100 kg/m 3 for fresh snow, to greater than 600 kg/m 3, for
melting snow and wind slab. Due to the large range of variation, snow density significantly affect
snow thermal properties as well as its insulating effect on the ground thermal regime (Zhang
2005).

5 Latent heat of fusion
The latent heat of fusion inside the snow layer is relatively larger than its heat capacities,
and makes the snowmelt act as energy sink. Initially, melting snow keeps the ground surface at
0°C even though the air temperature could be well above 0°C. This phenomenon cools the ground
surface and reduce the mean annual ground surface temperature (Zhang, Osterkamp et al. 1997).
However, as snowmelt progresses, snow temperature increases rapidly and reaches the 0°C
isotherm within a couple of days (Brown 1980). During this process, the refreezing of melted
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water and the release of latent heat warm the entire snow layer and the ground. The overall
impact of latent heat on the ground surface temperature is complicated and needs further study.
However, the effects of the latent heat only occurs for a very limited period, because of the rapid
snowmelt rate makes the snowmelt period usually within 1 to 2 weeks at high latitudes (Zhang
2005).

6 Time period
The seasonal snow layer could affect differently on the ground thermal regime depending
upon different periods. On a daily basis, snow layer results in either warmer or cooler ground
surface based on changes of air temperature and the prior thermal history of the ground (Zhang,
Osterkamp et al. 1997). A previous research (Zhang 2005) has demonstrated that the snow layer
can have either positive or negative influence on the ground surface temperature due to its
insulating effect. Snow cover acts as a conductor when the snow is relatively thin and air
temperature fluctuates around 0°C at the beginning of the snow accumulation in autumn. This
cooling effect occurs because fresh snow has a relatively high surface albedo when the solar
elevation is still relatively high in autumn. The duration of the cooling effect may be very short,
as the air temperature decreases and snow thickness increases with time; the insulating effect of
snow cover becomes a dominant factor, preventing the ground from cooling and protects the
ground from heat loss in winter (Zhang 2005).
On a monthly basis, snow cover can have either positive or negative impact on the
ground surface temperature depending upon the time of the year. The insulating effect could be
greater during the early winter, because of the low density, and thus low thermal conductivity of
fresh snow. Latent heat released during the active layer freeze-up process also helps to keep the
ground surface from cooling (Zhang 2005).
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7 Snow depth
In cold regions, snow depth is one of the major factors that control the magnitude of the
seasonal snow layer effects on the ground thermal regime. One previous literature (Kudryavtsev
1992) found when snow layer is relatively thin with high albedo, it results in a cooling effect on
the ground. As snow depth increases, the insulating effect of snow layer increases and results in a
warmer ground. The maximum insulating effect occurs when snow depth reaches its optimal
value (about 40 cm). Then the insulating effect will decrease as snow depth continues to increase.
Other research (Nicholson 1973; Smith 1975) implied that with the relatively thin snow layer,
variations in snow depth are more critical for ground temperatures. If the snow layer can last until
late spring or summer due to enough snow thickness, the snow may have an overall cooling effect
because of its albedo and latent heat effect. Thick snow layer requires more time for snowmelt,
thus resulting in a shorter period when the ground is snow-free in the spring. In this case, snow
acts as a conductor in two ways: (1) reduces the effects of downward solar radiation, (2)
consumes a lot of energy for snowmelt (Zhang 2005).

2.1.3 Snow effects on mean annual ground surface temperature
Snow cover has a two-fold effect on the ground: it acts as a medium with low
conductivity interposed between the air and the ground, and it increases the effective depth of the
ground temperature measuring sites below the surface. Although many factors are responsible for
the net effect of the snow layer on the ground thermal regime, the snow layer tends to increase the
mean annual ground temperatures (Gold 1963). The snow offers an additional layer to the ground
in winter, and the snow depth varies with time and the snow thermal conductivity is usually lower
than that of the soil. Results from numerical modeling indicate that the snow accumulation in

13
autumn and early winter could largely affect the mean annual ground surface temperature
(Goodrich 1982). Further sensitivity analyses reported that with the same air temperature and
snow conditions, early snow in autumn with early snowmelt in spring could maximize the
influence of the snow layer on the ground, which increases the mean annual ground surface
temperature by up to 6°C. The combination of late snow layer in autumn or winter with late
snowmelt in spring offers the least favorable condition for the snow to affect the ground, this
along with a decrease in mean annual ground surface temperature by up to 3°C, depending upon
the specific conditions (Zhang 2005). The snow cover was demonstrated to be primarily
responsible for the fact that the average soil surface temperature in winter was about 5.7°C to
11.2°C warmer than the average annual ground temperature at Ottawa, Canada (Gold 1963).
One method (Goodrich 1982) was used to investigate how variations of the snow thermal
conductivity influence the ground. The results demonstrate that the changes in the thermal
conductivity of snow layer from 0.7 W/(m·K) could increase the mean annual ground surface
temperature by about 5.5°C from -6.5°C to -1.0°C, and the minimum ground surface temperature
would increase from -16.3°C to -3.7°C. Variations of the snow thermal conductivity would also
lead to a decrease of the annual amplitude of the ground surface temperature from 10°C to 3.6°C
and delay the active layer freeze-up date by up to 4 months. For the snow with a thermal
conductivity of 0.7 W/(m·K) the freeze-up period of the snow layer is around the first week of
December, while for the thermal conductivity of 0.1 W/(m·K) the freeze-up date is postponed to
the middle of April.

2.1.4 Snow acts as an insulator or conductor
Based on what stated above, snow layer could act as either insulator or conductor under
different conditions. When the temperature of the snow layer is below freezing point in winter,
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heat transfers from the ground to the atmosphere by conduction. In late autumn, the air
temperature decreases and snow thickness increases with time and leads to a short duration when
snow acts as a conductor; then the insulating effect of snow layer becomes a dominant factor to
warm the ground thermal regime. The insulating effects of the snow layer result from its poor
heat transfer characteristics prevent the ground from cooling and play a major role in the
influence of snow cover on the ground. The duration of snow insulating effect could last from a
few weeks to several months, depending on the geographical locations (Zhang 2005).

2.1.5 Summary
Snow cover could act as a conductor or an insulator on the ground, which makes the
ground has either a lower or a higher temperature than the snow surface and the air temperature,
depending upon many factors.
Other processes within the snow layer, such as nonconductive heat transfer, water vapor
transfer, snow metamophism, and the densification process, may affect differently on the heat
transfer process between the atmosphere, the snow layer and the ground. Overall, latent heat due
to snowmelt postpones the insulating effect on the soil surface and thus relatively reduces the
ground temperature. High snow albedo and thermal emissivity tend to cool the snow surface and
therefore the entire snow layer and ground beneath. Refreeze of melted water within the snow
layer releases latent heat that increases the temperature of snow layer and underlying ground
surface. This results in the insulating effect and higher absorptivity (especially under cloudy sky
conditions) of the seasonal snow layer, as well as a relatively warmer ground. Overall, the net
effects of the seasonal snow layer on the ground beneath and its magnitude is a comprehensive
result due to the timing, duration, accumulation, melting processes of the seasonal snow cover;
and the thickness, density, structure of the seasonal snow cover; and interactions of
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micrometeorological conditions, local microrelief, vegetation, and the geographical locations
(Zhang 2005).

2.2 Heat transfer and snow conductivity

2.2.1 Heat transfer mechanisms
Since building energy losses partially result from heat transfer, it is necessary to
understand the features of the heat transfer process for heating load calculations. The temperature
difference between two environments is the reason to cause the heat transfer, and energy transfer.
Energy flows from a location with higher temperature to a lower temperature location by one or
more of the following heat transfer modes: conduction, radiation and convection. Conduction
results from molecular or electron action, is a form of heat transfer through material that occurs
without any movement of the material. Conduction is the most common heat transfer method
through solids; it also can occur through liquids and gases. Convection is the result of gross
movement of liquids or gases. It is generally associated with fluids flow through a pipe or duct or
along a surface. Therefore, the convection transfer is complicated and highly dependent on the
flow features. Thermal radiation is the heat transfer mechanism occurs between two separated
bodies induced by electromagnetic radiation, which is also called wave motion (Pita. 2002;
McQuiston, Parker et al. 2005).
The heat transferred through building envelops, such as walls, ceilings, roofs, window
glass, floors, and doors is all sensible heat transfer, referred to as transmission heat loss. The heat
losses through the building envelope is usually relate to the buildings energy performance. In
addition, other features of heat transfer are equally important while evaluating the building
environment. Interior surface temperature acts as an indicator for hygienic conditions in the
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indoor environment; also it is a major reason affecting thermal comfort. Temperature peaks and
fluctuations within the building envelope or on building exterior surfaces may also affect the
durability of the envelope. The building materials tend to be less elastic and sometimes brittle
with low temperature, making them vulnerable to strain or mechanical impact. At high
temperature, some materials could degrade due to chemical reactions or irreversible deformation
(ASHRAE 2005).

2.2.2 Effective heat conductivity and thermal resistance
Thermal conductivity K (W/(m·K)) is the steady-state heat flux through a unit thickness
of a homogeneous material in a direction perpendicular to the isothermal planes, induced by a
unit temperature difference. Thermal conductivity must be evaluated for a specific mean
temperature, thickness, age, and moisture content. For porous materials, heat flow by a
combination of conduction, convection, radiation, and latent heat exchange may depend on
orientation, direction, or both. The measured property of such materials is apparent thermal
conductivity. The specific test conditions should be reported with the values. Thermal resistance
R (m²·K/W) is a unit heat flux that induced by the mean temperature difference between two
defined surfaces of material or construction under steady-state conditions. Thermal transmittance
U is the heat flux from the environment on the one side of a body to the environment on the other
side under steady-state conditions, per unit temperature difference between the two environments,
in W/(m²·K). Thermal transmittance is sometimes called the overall coefficient of heat transfer or
U-factor (ASHRAE 2005).
Heat transfer by apparent conduction in a solid governed by Fourier’s law:
(2-1)
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(2-2)

Where q = heat flux, W/m2, t = temperature, °C
kx, ky, kz = apparent thermal conductivity in direction x, y, and z axes, W/(m·K)
grad(t) = gradient of temperature (change in temperature per unit length, perpendicular to
isothermal surfaces in solid), °C/m
dt/dx = gradient of temperature along x axis, °C/m
dt/dy = gradient of temperature along y axis, °C/m
dt/dz = gradient of temperature along z axis, °C/m
The thermal conductivity K of the material may be directionally dependent. In fact, many
building materials show considerable anisotropy and kx, ky, kz are generally not equal.
Substituting Equation 2-2 into the relationship for conservation of energy yields:
[

]
(2-3)

(

)

(

)

(

)

Where h = enthalpy per unit volume, kJ/m3
S = heat sources and sinks (e.g., caused by latent heat of evaporate/condensation in
presence of moisture or chemical reactions such as in concrete hydration), W/m3
With
(2-4)
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Where:
ρs=density of solid (dry material), kg/m3
cs= specific heat capacity of dry solid, J/(kg·°C)
cw= specific heat capacity of liquid water, J/(kg·°C)
w = moisture content, kg/m3
In steady state without sources or sinks, Equation 2-4 reduces to
(

)

(

)

(

)

(2-5)

If the steady-state heat flux is only in one direction, Equation 2-2 can be rewritten for
each material layer within the building envelop as:
(2-6)
Where:
Δt = temperature difference between two interfaces of one material layer, °C
Δx = layer thickness, m
km = mean thermal conductivity of material layer with thickness Δx, W/(m·K)
C = thermal conductance of layer with thickness Δx, W/(m²·K)
R = thermal resistance of layer with thickness Δx, m²·K/W
Under steady-state conditions, the one-dimensional heat flux is the same through all
materials, but their individual thermal conductance or resistance is usually different. Thermal
resistance R is analogous to electrical resistance, and q and Δt are analogous to current and
potential difference in Ohm’s law. This analogy offers a very convenient method while analyzing
assemblies including two or more layers of dissimilar materials.
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2.2.3 Thermal resistance of a flat assembly
The thermal resistance R of a material evaluates the ability to resist the heat flow through
it. Materials with high R-values are good thermal insulators, which could transfer heat at a low
rate. Building construction desires materials with a high R-value to reduce heat losses. The heat
transfer process through the building components including wall, roof, floor and other elements is
through the air film on one side, through the solid components, and then through the air film on
the other side. The R-value of a single layer is calculated by the ratio of the layer’s thickness to its
apparent thermal conductivity. The calculation of R-value for the multi-layered materials is more
common, such as the building elements that usually consist of layers of different materials. The
surface-to-surface thermal resistance of a flat building component including multiple parallel
layers, or a curved component if the curvature is small, consists of the sum of the resistance (Rvalues) of all layers in series (ASHRAE 2005):
(2-7)
Where:
R1,R2,…Rn = resistance of individual layers, m²·K/W
Rs = resistance of building assembly surface to surface (system resistance),
m²·K/W
The thermal transmittance or U-factor of a flat building assembly is the reciprocal of R:
(2-8)
Calculating thermal transmittance requires knowing: (1) apparent thermal resistance of all
homogeneous layers, (2) thermal resistance of the nonhomogeneous layers, (3) surface film
resistances at both sides of the construction, and (4) thermal resistances of air spaces in the
construction. The steady-state heat flux Qn across the building envelop assembly is then defined
by (ASHRAE 2005):
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(2-9)
Where:
ti, to= indoor and outdoor reference temperatures, °C
An= component area, m2
Un= U-factor of component, W/(m²·K)

2.2.4 Snow conductivity and heat transfer through snow layer
The relationship between heat transfer through snow layer and microstructure inside the
snow is crucial for the comprehension and modeling of thermophysical, chemical, and
mechanical properties of snow. Heat is transferred through snow mainly in two ways: (1) direct
heat conduction in the ice matrix and the pore space, (2) latent heat of sublimation by the
diffusing of water vapor through the pore space (Kaempfer 2005; Kaempfer 2009). Another study
stated that the heat transfer process also includes the radiation from one snow grain to another,
but it is negligible (Sturm 2002). Based on the comparison of measured and simulated heat
conductivities, a study suggested that heat conduction through the ice matrix is predominant and
in the order of 80% of the overall heat flow (Kaempfer 2005). However, there is another research
study, which found that in the absence of convection, latent heat transfer may account for as
much as 50% of the total heat transfer, depending on temperature and snow type (Arons 1998).
The latent heat transfer component also depends on microstructure, but this dependence is too
complicated to be treated by the effective medium approximation at present. In most cases, the
advective and radiative components of heat transfer can be neglected in snow. Table 2-1
illustrates proportions of heat transfer methods presented in different studies.
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Table 2-1: Comparison of heat transfer methods
Authors

Sensible heat conduction

Latent heat

Kaempfer et al. , 2005

80%

20%

Kaempfer & Plapp, 2009
Arons & Colbeck, 1998

predominant

not significant

around 50%

around 50%

The effective heat conductivity (EHC) of snow is the aggregated coefficient of:
1. Conductivity through the ice matrix and the pore space
2. The latent heat release and gain by recrystallization
3. The convective heat exchange between ice and pore air
These processes cannot be separated. EHC mostly depends on the structure, and other
material properties (Pita. 2002).

Table 2-2: Overview of the factors that affect heat conductivity of snow
Authors

Experiments

Theoretical
analysis

TGM

Snow
density

Hardness

Porosity

Schneebeli
&Sokratov,

yes

n/a

yes

yes

n/a

n/a

n/a

yes

n/a

yes

n/a

n/a

yes

yes

n/a

yes

yes

yes

2004
Sturm et al.,
1997
Usowicz et al.,
2008

Table 2-2 illustrates the factors that affect heat conductivity based on the research
methods of the studies. Current heat transport models empirically relate the effective heat
conductivity of snow to the snow density (Strum et al. 1997). However, other studies found that
parameters that are more relevant related to the snow microstructure that governs EHC
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(Kaempfer 2005; Kaempfer 2009). Based on the experiments, a study found the relationship
between the EHC and TGM, separated for low density snow (LDS) and high density snow (HDS)
(Schneebeli 2004). The EHC of LDS decreased as soon as a temperature gradient was applied and
then increased or remained constant. The EHC of HDS increased immediately, almost doubled
from the initial value and reached a plateau.
In a few studies, the thermal conductivity was more strongly correlated with air-filled
porosity than porosity with respect to snow (Sturm 2002). Another study measured index of
hardness, bulk density to develop regression equations for predicting the thermal conductivity
(Usowicz 2008). The results indicated that relative contributions of penetration resistance, as
characterized by the index of hardness and by porosity, in the prediction of the thermal
conductivity were similar, but oppositely signed. The opposite signs indicate that increase of
porosity and index of hardness leads to decrease and increase of the thermal conductivity,
respectively. The predictive capability of thermal conductivity with the regression equations
based on index of hardness and porosity was better than with the regression based on just density.
In the case of snow, the range of the thermal conductivity was relatively narrow (0.032–0.587
W/(m·K)).

2.3 Snow conductivity calculation

2.3.1 Introduction
Thermal conductivity of snow ranges from less than 0.1 W/(m·K) for less dense fresh
snow to greater than 0.51 W/(m·K) for more dense ripened snow (Zhang 2005). The snow
conductivity varies from loose to compact, from wet to dry, and from new fallen snow to
accumulated snow. The difficulty of conductivity calculation is to seamlessly present the
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variations from one extreme condition to another. Many theories and procedures have been
developed to measure and calculate the snow conductivity. For the most part, field and laboratory
measurements were used to obtain the snow conductivity based on various techniques. For the
six studies reviewed, three studies used heated needles to measure the thermal conductivity and
porosity of snow, two studies used numerical models and one used a snow breeder. Table 2-3
shows the assumptions made for snow conductivity calculation.

Table 2-3: Comparison of assumptions for calculating snow conductivity
Dry

Snow

snow

temperature

yes

n/a

yes

yes

n/a

about -8°C

n/a

n/a

yes

n/a

n/a

no

Liu & Si, 2008

yes

below 0°C

Usowicz et al.,2008

yes

n/a

n/a

n/a

Sturm et al., 2002

n/a

n/a

n/a

no

Assumptions
Kaempfer & Plapp,
2009
Schneebeli &
Sokratov, 2004
Arons & Colbeck,
1998

Phase-change

Ignore phase change near
the heater needle

Air
conduction

yes

2.3.2 Numerical models for R-value calculation
Since the snow conductivity has a strong relationship with snow properties and snow
metamorphism, a few studies have developed numerical models of snow. One study developed a
phase-field model of dry snow metamorphism , introduced a phase-field function
the heat conductivity (Kaempfer 2009). Then

to calculate

was used to define physical parameters in space

by a continuous interpolation of the bulk values. While solid (ice) for

=1 and gas (air) for

=-
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1. Then the snow metamorphism model could be written as follows and the snow properties can
be calculated:
(2-10)
Another study developed an inductive model for thermal conductivity of deposited snow
using random resistance network theory and parametric statistics (Arons 1998). The model
identifies the geometric quantities that determine this physical property. The effective medium
approximation (EMA), which is an outgrowth of the more general percolation theory, was applied
to snow. After neglecting the advective and radiative components of heat transfer, the diffusive
heat flux can be written as follows:
(2-11)
Where Klat is the thermal conductivity of the ice grain lattice and K vap is the effective
thermal conductivity that is associated with the transfer of latent heat of water vapor. This model
is a starting point for understanding the variation of thermal conductivity with snow type and at
the boundaries of a snow layer, where textural gradients are commonly observed but still difficult
to quantify. It requires more knowledge about the characteristics of snow grains and
interconnectedness.
This study focuses on the bulk snow properties and bulk values of conductivity, and
limited information was available about the microstructural conditions in the experiments useful
in determining the dependence of thermal conductivity on the microstructure. This is because
special devices and continuous observation work are needed to get the snow microstructural
information, which is not practical for an experimental site far from the Pennsylvania State
University campus. The limited roof area and strong wind also make it difficult to get the snow
sample for microstructure analysis. Most buildings have the same problems stated above and does
not make it not necessary to develop the numerical models.
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2.3.3 Regression equations for R-value calculation
A few studies offered other ways to calculate the snow conductivity. A study
recommended that layer average values of Ksnow increased smoothly with layer density consistent
with regression equations (Sturm 2002):

(2-12)

(2-13)

Another study used a heated needle to derive the equation with the fixed non-linear
regression procedure; indicating non-linear relation between the thermal conductivity and the
physical quantities of porous media. The heat conductivity was calculated based on snow density
and ice density (Usowicz 2008):

(2-14)

The third study used the dual-probe heat pulse (DPHP) method: one heated needle acted
as a heater to release a short-duration heat pulse; and the other acted as a temperature sensor (Liu
2008).When neglected the melting phase change near the heater needle, both the thermal
diffusivity and heat conductivity can be calculated by the following equations:
(2-15)
[

]

(2-16)

Different from the two studies above (Liu 2008; Kaempfer 2009) which considered air
conduction in the pore space, another study recommended that the heat conduction through air
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should be neglected because it is two orders of magnitude smaller than that through the ice
(Arons 1998).
Instead of using heated needles, another study used the snow breeder to calculate the
snow conductivity from the average of the bottom and the top heat fluxes surveyed during the
experiments:
(2-17)
The calculation results showed that the calculated EHC systematically underestimates the
true EHC of the snow by 5–10% (Schneebeli 2004).
As a summary, numerical models are quite complicated and were not included in this
thesis, because the models involve many snow factors besides snow conductivity, which are not
necessary to for the interest of the current research. Previous literature considered dry snow as a
common assumption, but this thesis considered the both situations when the snow was dry and
wet. The phase-field function should be introduced if the phase-change is considered. With
proper equipment, the heat conductivity can be calculated by measuring the heat flux. No special
assumptions are needed when using regression equations to calculate the heat conductivity.
Therefore, this current study calculated the heat conductivity using the measured heat flux, and
developed the snow conductivity equations with measured snow properties.

2.4 Calculation of the snow surface temperature
In order to calculate the snow conductivity, it is important to evaluate the energy transfer
at the interfaces between air, snow and the layer beneath the snow layer. The snow surface
temperature and the meteorological parameters are the two major factors that govern the
exchange of heat through the snow layer. The snow surface temperature allows a balance between
atmospheric heat fluxes and the conductive flux into the snowpack (Luce and Tarboton 2001).
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Consequently, an accurate description of the snowpack energy balance is important in calculating
the snow surface temperature. To obtain the snow surface temperature, measurements,
estimations and simulations could be used but with different accuracy and complexity.

2.4.1 Measurements and estimations for surface temperature calculation
One reason to make it difficult to measure the snow surface temperature is that snow
layer is so tenuous. The snow surface is easily distributed and not well defined; invasive
transducers commonly used for other surface are generally in appropriate for snow (Andreas
1986). Although it is difficult to accurately to measure the snow surface temperature, there are a
few ways reported in previous studies. In one research, the group (Bates and O'Brien 1984)
placed a snow stake with thermistors attached to it in a well-exposed area. Two infrared sensors
were pointed downward to measure the snow surface temperature in another study (Koivusalo
1999). Install a few thermocouples at various levels in the snow layer could also obtain the snow
surface temperature by plotting these measured temperatures against depth and extrapolating to
the surface (Gold and Williams 1961). It was reported that this method is a satisfactory for
nighttime conditions but presents problems in the daytime when the thermocouples are exposed
to the downward short-wave radiation. Another research used two different sensors to measure
the snow surface temperature. One sensor was a chromel-constantan thermocouple placed under a
thin layer of snow. As snow accumulated, they needed to continually repositioned the
thermocouple to ensure it was just below the snow surface (Olsen, Okrasinski et al. 1984).
One previous research described a hygrometric method of estimating the snow surface
temperature (Andreas 1986). The key assumption is that the air at the snow surface is in
saturation with the snow, the dew point temperature of the air right at the snow surface is thus the
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surface temperature. Consequently, this research suggested under a wide range of conditions, the
dew point temperature 10 cm above the surface can be used as the snow surface temperature.
Snow temperature always lags air temperature, producing snow temperature higher than
the air temperature for a majority of the hourly accumulation season intervals (Leydecker and
Melack 1999).There is a lag of time between the snow surface temperature and the air
temperature, a few research calculated the snow surface temperature with the temperature lag
changes. A simple model stated that night time snow surface temperature are 4 to 6°C below the
air temperature (Bernier and Edwards 1990). Based on a time step calculation, another study
suggested an equation as follows (Leydecker and Melack 1999):
(2-18)
If Tsnow > 0°C, set Tsnow = 0°C. As snowmelt progresses, snow surface temperatures are
constrained at zero.
Overall, the snow surface temperature that refers to the skin temperature, should be
measured exactly on the snow surface, and it is an instantaneous factor keeps varying and require
to measure all the time. Therefore it is not practical to directly measure the snow surface
temperature in this current study.

2.4.2 Simulations and energy balance models for surface temperature calculation

Introduction and basic equation
In addition to directly measuring and estimating the snow surface temperature, snow
models based on meteorological measurements have been developed. These models were shown
to be successful in simulating the snow surface temperature by describing the energy balance
between the atmosphere and the snow layer (Koivusalo 1999; Kaempfer 2005). While the
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dependency of atmospheric fluxes on surface temperature is reasonably well understood and
parameterized, it could be difficult to model the snow surface temperature, because the heat
conduction from the snow surface into the snow layer depends on a complex history of previous
heat exchanges and surface temperatures. The simulation could use various schemes, from simple
approximations based on meteorological data to multiple layer finite difference models, to
estimate snow surface temperatures and conductive fluxes through the snow layer (Luce and
Tarboton 2001).
The classical heat diffusion equation based on conduction and applicable to the snowpack
temperature Ts (°C) is:
(2-19)
Where:
z = the snow depth, m
κ = thermal diffusivity of snow, m2/s
λ = thermal conductivity of snow, W/(m·K)
c = heat capacity of snow, kJ/(kg·K)
t = time, s
Even though Laplace transform could solve Equation 2-19 (Prasad 1983), the everchanging thermal and physical properties of a snowpack make the mechanism of heat flow in
snow much more complicated than that of a homogeneous solid. In addition, many factors, such
as freeze and thaw cycle, the amount of liquid water, and metamorphic changes of the snowpack
properties, could also affect the temperature change within the snowpack (Singh 2005).
Based on the energy balance through the snowpack, the snow surface temperature can be
estimated from a multi-layered snow model (Jordan 1991; Yamazaki 1998) or a single layer snow
model (Kondo and Yamazaki 1990; Tarboton and Luce 1996).
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Multi-layered snow model
To calculate heat conduction into the snow layer based on the complex history of surface
temperatures, snowpack heat models and snowmelt models frequently use finite difference
schemes (Jordan 1991; Marks 1999). The temperature profile within the snow layer is actually
nonlinear, because the energy absorbed by the snow varies dramatically over the daytime as well
as over longer periods. The temporal fluctuations of heating cause the pattern and make it
difficult to model the temperature profile of the snow. The multi-layered snow model was
developed to solve this problem, by subdividing the snow layer into a number of horizontally
homogeneous layers whose number increases with snow depth; and describing the mass and
energy transfer procedure within the snow layer (Anderson 1976; Bloeschl 1991). Then with the
concepts of mixture theory, the models formulates mass balance equations and evaluates the
snow melting process as fully distributed catchment hydrological models (Morris 1983; Abbott
1986; Jordan 1991).
The finite difference multi-layered models have high complexity, describing heat storage
and varying gradients with the changes of snow depth using short linear approximations. The
temperature profile is most nonlinear for the area near the surface, and the multi-layered models
could simulate with more elements (Kaempfer 2005). In addition, on the basis of modeling the
snow metamorphism, these finite difference models may keep track of changes in snow properties
within layers (Colbeck 1982; Jordan 1991). The distributed temperature and snow property
information internal to the snowpack could be useful for some applications, such as determining
hoar crystal development at depth for snowpack strength. However, for most snowmelt modeling
purposes, it is not necessary to identify every detail of temperature distribution and snow
properties. This is because the heat fluxes at the surface and the bottom of the snow layer (or
other suitable control volume) are the only part of information required, and these characteristics
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depend on the temperature gradient and the properties of the snow at the surface and the bottom,
not for the whole snowpack (Kaempfer 2005).
SNTHERM method, which was first reported by Jordan (1991), represents a
sophisticated multi-layered model to simulate mass and energy transfer at the snowpack
boundaries and within the snow layer. The original objective of SNTHERM was to predict snow
surface temperature using the same analytical modeling approach similar to that of the point
model of Anderson (1976). One research tested SNTHERM using detailed measurements of snow
mass and energy transfer over an arctic snowpack in Sodankyla, northern Finland (Koivusalo
1999). A few studies evaluated the performance of SNTHERM to simulate snow mass and
surface energy exchange and indicated that SNTHERM has correctly implemented representation
of internal snow processes. SNTHERM formulates mass balance equations for the three water
phases and their mixture in snow. The snow mass conservation is established based on the
balance of the net flux of liquid water, net flux of diffusive water vapor flux, phase changes of
melt, sublimation and evaporation.
In addition, this detailed modeling procedure requires deriving the radiation and turbulent
fluxes as the boundary conditions for the snow layer. For the mass balance, the boundary
conditions are set by precipitation and the turbulent exchange of water vapor at the snow surface,
as well as by the artificial drainage of liquid water flux at the snow/soil surface. A freezing curve
is used to determine the relationship between the depression temperature below 0°C and the
liquid water content in the snow layer. This curve also couples with the phase change effect of
freezing and melting on the mass and energy balance (Koivusalo 1999). For the heat balance
equation, it needs to set the surface boundary conditions by radiation and turbulent fluxes, as well
as the advective heat of precipitation (Jordan 1991).
To simplify the multi-layered snow model, one previous research explored a way to
describe the heat fluxes into the snow layer based on knowledge of the diurnal forcing (Kaempfer
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2005).

It is known that the daily temperature fluctuations at the snow surface have an

approximately sinusoidal pattern, and it is the main source to cause the strongest nonlinearities in
the snowpack temperature profile. Therefore, it is reasonable to formulate a solution for the snow
layer surface and bottom heat flux for a snowmelt model based on a sinusoidal pattern. Compared
to the finite difference procedures of the multi-layered snow model, this method still retains
important information about the process, but allows for significant simplification of heat flow
modeling with assumptions (Luce and Tarboton 2001). Therefore, the surface heat flux can be
expressed as follows:
[

]
(2-20)

√

Where:
T = temperature, °C
t = time, s
z = depth measured downwards from the surface, m
λ = thermal conductivity, J/(m·K·s)
A = amplitude of the diurnal temperature fluctuation at the surface, C
d1 = diurnal damping depth, m
Then the difference between the average snowpack temperature (as estimated from the
energy content) and the snow surface temperature could describe the conduction of heat from the
surface into the snowpack:
(2-21)
Where:
Ts = snow surface temperature, °C
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Tave = depth-averaged temperature, °C
The results have indicated that the forced-restore model exhibited a pattern very similar
to the observations during the experiment; although the modified force-restore based energy
content preceded the observations. In addition, this model could substantially improve the
descriptions of heat flow in the snowpack, by assuming the heating and cooling was diurnally
forced (Kaempfer 2005).

Single layer snow model
There are two main reasons for not using the multi-layered models. Firstly, the multilayered models involve many details about the snow properties at various snowpack depths and
even snow microstructures. This information is rarely available except in a research environment
(Singh 2005). Another reason to minimize model complexity is due to inaccurate modeling of
internal snowpack properties causing substantial errors in estimating the distributed snowpack
temperature (Luce and Tarboton 2001).
The single layer snow models are based on some approximations with proper
assumptions to simulate the snow surface temperature without knowing too many details inside
the snowpack. According to a numerical study, the vertical profiles of snow temperature can be
approximated by straight lines. It should be noted that this approximation of snow temperature
does not apply to the midwinter conditions when the snow temperature falls below the freezing
point in the lower layer of the snow cover (Kondo and Yamazaki 1990).
The following methods are implemented in a one-dimensional, semi-distributed energy
balance snowmelt model SDSM-EBM (Singh 2002), to model the snow accumulation and
ablation processes.
1. FRM
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Leydecker and Melack simulated snow surface temperature as a function of air
temperature and snow surface temperature at the previous time step (Leydecker and Melack
1999). Their approach indicated the possibility of using the force-restore method (FRM) in
simulating snow surface temperature, which has been widely used in predicting soil surface
temperature (Deardorff 1978; Dickinson 1988; Singh 2005).
The heat conduction into snow layer can be approximately accounted for by two
components, a stationary-mean diurnal temperature variation at the surface forced by a nearsteady-state heat flux of lower variability (Singh 2005). This method is first called the FRM by
Drardorff (1978) because the forcing by Q* (net energy received by the snow layer) is modified
by a restoring term (the near-ground surface temperature for snow layer). This approximation
approach reduces the heat transfer Equation 2-11 from a partial to an ordinary differential
equation. However, it can only simulate surface temperature Ts of the diffusion equation
subjected to one periodic, diurnal boundary forcing.
2. SCM
Tarboton and Luce computed Ts from a simple heat conduction Q that is near steady state
over an effective depth Ze (or the penetration depth of diurnal surface temperature fluctuation)
(Rosenberg 1974), and considered a uniform temperature gradient between Ts and temperature at
the bottom of the snowpack (approximated as Tg) (Singh 2005):
(

)

Where:
κ = snow thermal diffusivity, m2/s
ρs = snow density, kg/m3
Cs = specific heat of ice, 2.09 kJ/(kg·°C)
Ze = effective depth over which this thermal gradient acts, m

(2-22)
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And the radio κ/ Ze (Ksc in m/s) is the snow surface conductance. Assuming equilibrium
at the surface, the surface energy balance, given as a function as Ts is:
(2-23)
Where:
Qsn = net shortwave radiation, W/m2
Qli and Qle = net incoming (downward) and outgoing (upward) long-wave radiation,
W/m2
Qh and Qe = sensible and latent heat fluxes, W/m2
Qp and Qg = advective and ground heat fluxes, W/m2
Assume Qg to be negligible, and using Taylor series expansion to linearize Q e and Qle of
Ts about a reference temperature T*. Then the snow surface temperature can be solved iteratively
with an initial guess that T* equals to the air temperature, and in each iteration T* is replaced by
the latest Ts until the difference new T* and Ts is very small, e.g. 0.01K (Singh 2005).
3. KYM
During the snowmelt season, the entire snow layer is nearly isothermal at 0°C, but the
nocturnal cooling could result in the refreeze process of the free water near the snow surface. The
term “freezing depth” indicates the depth at which the refreezing occurs (Singh 2005). The KYM
method simultaneously calculates the snow surface temperature and freezing depth, as well as
considering the nocturnal refreezing of liquid water in the snow layer. This method also takes
consideration of the incident solar radiation, part of which is transmitted into the interior of the
snow layer. By assuming linear temperature profile, the method uses bulk formula to estimate the
sensible and latent heat fluxes through the snow layer. In this way, the heat balance equations
both for the snow surface itself and for the entire snow layer could be solved. It is not necessary
to perform an iteration of the calculations (Kondo and Yamazaki 1990). This procedure relates
the snow surface temperature Ts+1 at the present time step as a function of Ts of the previous time
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step, the change in the freezing depth (Zn-Zn+1) between the time step Δt, and the net energy
received by snowpack Q*:
[

]
(2-24)

Where To = 0°C, Mo is the energy required to create runoff from the snow cover in excess
of Wo, the maximum liquid water content at depth below freezing. KYM method also uses a
similar heat balance equation as previously shown in Equation 2-23, but the heat flux Qp and Qg
are both ignored. Then by considering the heat balance equation of a snow surface with
infinitesimal thickness, it is possible to obtain a quadratic equation to solve for Z n+1, then Ts+1 and
snowmelt (Kondo and Yamazaki 1990; Singh 2005).
4. Summary
To compare the three single layer models, previous research (Singh 2005) stated that the
simulated Ts of the FRM is more consistent than that of the SCM, which in turn is slightly more
consistent than that of the KYM in both calibration and validation stages, and the results are
comparable. On average, the FRM tends to underestimate Ts, the SCM either under or
overestimates Ts, and the KYM over simulates Ts (Luce and Tarboton 2001; Singh 2005). The
KYM does not compute Ts by balancing the heat fluxes of the snow layer with iterations, but
assumes that the snow layer has a linear temperature profile in the vertical direction, which
contributes to the overestimation of Ts. However, the KYM occasionally does well in the
calibration stage, due to its ability to simulate Ts under relatively small diurnal variation or in a
state of stable climatic condition, when the weather condition is relatively mild.
Theoretically, the FRM is expected to be better than the SCM and KYM, since it
considers two kinds of heat conduction into snow, including a stationary-mean diurnal (sinusoidal)
temperature variation at the snow/air surface coupled to a near steady, low-frequency ground heat
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flux from the snow bottom. Luce and Tarboton (2001) found that while considering the effects of
lower frequency temperature variations on the surface heat flux, the FRM method presents better
results.
All of the three algorithms were built within the energy balance module of SDSM-EBM.
These methods may need to estimate the thermal conductivity of snow within the energy balance
module of SDSM based on the snow density estimated at the previous time step of the mass
balance module. Therefore, the snow density at snow bottom needs to be updated in SDSM in
each time step, which utilizes the model parameters used in the mass balance module at the snow
surface level and the energy balance module at both the snow surface and bottom levels. For the
KYM method, the snow thermal conductivity needs to be determined prior to the calculation.

Comparisons of multi-layered and single layer model
The representation of internal processes in the snow layer is the major difference between
the single layer model and multi-layered model (Koivusalo 1999). The multi-layered models (e.g.
SNTHERM) describe many details of the vertical transfer and distribution of heat and mass in the
layered snow, but the single layer models treat the snowpack as a lumped layer. The calculation
of albedo may be different for the two kinds of models. The SNTHERM method for example,
limits its estimation only for cold snow conditions under clear skies while the single layer model
assumes the albedo as a constant. Both methods calculate the turbulent heat exchange using the
same general concepts, but the single layer models use the bulk transfer coefficient, and multilayered models may use restricted correction based on the atmospheric stability. However, for the
turbulent heat exchange calculation of single layer models, the related meteorological data such
as the wind velocity should be measured at the same reference height with the chosen bulk
transfer coefficients. This appears as a limitation for establishing the experimental equipment
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since the multi-layered models could use meteorological data measured at dissimilar heights. To
solve the snow surface temperature as the top snow layer temperature using a numerical solution
with the heat and mass balance equations, the multi-layered models require estimating the
turbulent energy fluxes as a part of the surface boundary condition. However the single layer
models only need to balance the heat fluxes at the snow/air interface and calculate the snow
surface temperature by iterations; this result in the estimation of the snow surface temperature
couple with the turbulent energy fluxes (Koivusalo 1999). Based on the studies stated above,
Table 2-4 presents the differences between the two kinds of models (Jordan 1991; Tarboton and
Luce 1996; Koivusalo 1999) :
Table 2-4: Comparison of single layer models and multi-layered models
Multi-layered models (use
Comparison terms

Single layer models
SNTHERM as an example)

Model complexity

Comparatively simple

Very complicated

Model accuracy

Fairly well

Good accuracy
Infinite homogeneous layers

Representation of the
One bulk and lumped layer

with vertical heat and mass

snowpack
transfer
Mainly by iterations based on

Numerical solutions with

heat flux balance

boundary conditions

Assume linear relation

Non-linear

Not considered

Considered

Diurnal temperature variation

Cloud cover observations

Calculation ways

Vertical profile of snow
temperature
Penetration of short-wave
radiation in snow
Estimation of long-wave
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radiation

to estimate cloudiness

Bulk transfer coefficient

No correction

Restricted correction

Coupled with snow surface

Included in the surface

temperature

boundary conditions

Measured at the same height

Allow dissimilar heights

Turbulent energy flux

Meteorological data

2.4.3 Summary
Calculating the surface temperature of snow is of significance in this thesis research as it
is one of the key factors to calculate snow conductivity. Multi-layered models with good accuracy
could present the snow surface temperature very well. However, detailed snow thermal and
physical properties are rarely available for the current study due to the limitation of the
experimental site. The wind was strong on the experimental site, and the snow participation was
limited during the experimental period, therefore the average snow depth was around 5cm, which
means the snow layer was quite thin with limited snow volume. Obtaining the snow
microstructure information requires large amounts of snow samples, the measured heat flux could
be affected if too much snow is taken from the roof with a small area. Another reason not to use
the multi-layered model is that the thick snow has multiple layers but it is not necessary to divide
thin snowpack into several layers that add much complexity. From a practical aspect, most of the
real buildings could not provide enough details for multi-layered models, so a single layer model
is more appropriate, which treats the snowpack as one bulk layer. The detailed description of
calculations is presented below.
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Chapter 3
Heat Balance Model for the Snowpack and Calculation of Snow Conductivity

3.1 Introduction and methodology overview
One of the major contributions of this study is to determine how snow affects the
calculation of heating load when considering the snow layer as one part of the roof assembly.
Based on the assumption that the heat transfer through the snow layer is mainly by conduction,
the most important way to solve the problem stated above is to establish the thermal conductivity
of snow. Many previous studies provided various methods to calculate the dry snow conductivity.
In this study, the Johansen method for conductivity calculation in porous media was used to
develop the equation of the wet snow conductivity (Andersland and Ladanyi 1994; Balland 2005).
To calculate the snow surface temperature, a heat balance model was established for the whole
snow layer.

3.2 Calculation of snow surface temperature

3.2.1 Overview of calculating the snow surface temperature
In order to complete the equations set for thermal conductivity of snow, the snow
conductivity should be calculated by measured data based on the following equation:

(3-1)
Where ΔT is the difference between snow surface temperature and bottom temperature.
Since the snow surface temperature varies in phase with the energy received through the snow
surface and the long-wave radiation (Kondo and Yamazaki 1990), directly measuring the snow
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surface temperature is not practical for this on-site experiment, therefore a full energy balance
approach is more appropriate. The model used here was developed on the basis of a heat balance
of the snow surface and the energy conservation of the entire snow layer with an assumption of a
linear temperature profile in the snow. The amount of energy available for snow melting
establishes the energy balance equation, and the energy balance of snow was driven by radiative
and turbulent energy exchange at the snow/air interface above the snow and the snow/roof or
snow/soil interface. The following components are necessary as the input data to the model: the
solar radiation, wind velocity, heat flux through the snow layer, air temperature and humidity.
The solar radiation data was obtained from SURFRAD network at Penn State, Pennsylvania. Heat
flux through the snow layer was measured by heat flux meters; while other data was obtained
from the weather station installed above the roof of the control building. In addition, for the
parameters of snow layer, snow density, snowmelt rate, and water content data was obtained by
manual measurements onsite.

3.2.2 Assumptions
The calculation of snow surface temperature and the development of heat balance model
were based on the following assumptions:
1) Snow layer is a continuum containing ice, air, water, and vapor. The size of the ice
grains was not considered.
2) The snow surface temperature and the dew point temperature of the snow surface was
equal.
3) The vegetation was not protruded above the snow surface, since the presence of
vegetation above the snow surface complicates the convective and latent heat
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exchanges, and cannot assume well-defined, one-dimensional profiles of wind,
temperature and humidity above the snow surface (Gray and Male 1981).
4) The heat flux through the roof assembly was assumed one-dimensional with quasisteady-state, and neglected the heat storage inside the soil and snow layer. The heat
conduction was the major heat transfer mechanism considered inside the snow layer.
5) This study assumed the heat flux into the snowpack was steady and snowpack
thermal properties were homogeneous, then the temperature profile was linear and
the temperature gradient was constant with depth.

3.3 Energy balance equation for the snow layer

3.3.1 Basic energy balance equation
The calculation of the snow surface temperature in this study was based on the following
energy balance equation (Gray and Male 1981):
⁄

(3-2)

Where:
Qm = energy flux available for melt, kJ/(m²·s)
Qsn = net short-wave radiation flux absorbed by the snow, kJ/(m²·s)
Qln = net long-wave radiation flux at the snow/air interface, kJ/(m²·s)
Qh = convective or sensible heat flux from the air at the snow/air interface, kJ/(m²·s)
Qe = flux of the latent heat (evaporation, sublimation, condensation) at the snow/air
interface, kJ/(m²·s)
Qg = flux of heat from the snow/soil interface by conduction, kJ/(m²·s)
Qp = flux of heat from rain, kJ/(m²·s)
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dU/dt = rate of change of internal (or stored) energy per unit area of the snow layer
From Equation 3-2, Qln, Qh, and Qe can be considered to be limited to the snow surface or
a few millimeters thick from the very top of the snow surface. Comparatively, Q sn and dU/dt
could be seen to have a distribution throughout the entire vertical content of the snow layer. Thus
the snowmelt process occurring inside the snow layer may result from the solar radiation even
under the condition that the snow surface temperature is under 0°C (Kuusisto 1986). The
components controlling the energy storage and/or snowmelt process depends on the
meteorological condition. The net radiation is of the most important among all of the factors
during the periods when the air mass is well established over the snow surface. However, the
sensible heat flux exchange becomes the controlling component when the warm air has
convection to the snow surface (McKay 1978). The net long-wave radiation and sensible heat
transfer processes occur at the snow/air interface. Most of the previous research neglected the
heat flux from the snow/ground interface by conduction (Kondo and Yamazaki 1990; Tarboton
and Luce 1996). However, this study does not neglect the ground heat flux since the snow layer
considered is on the rooftop and not on the ground. The heat fluxes, which come from the roof
due to the difference in indoor and outdoor temperatures, played an important role for the heat
loss of the building while considering the energy balance of the roofing system. The energy
balance equation used in this study neglected the flux of heat from rain, which has been proved to
be negligible (Gray and Male 1981; Singh 2005).
The thesis research used the average depth changes of the snow that has melted or
evaporated as determined from daily observation. The daily amount of melt produced by a given
value of Qm (kJ/(m²·d) ) could be calculated by the expressions (Gray and Male 1981):
(3-3)
Where:
M = snow melt water equivalent, m/day
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hf = latent heat of fusion, kJ/kg
ρ = density of water, kg/m3
B = thermal quality or the fraction of ice in a unit mass of wet snow
For normal melt conditions hf = 333.5 kJ/kg and ρ = 1000 kg/m3. Based on the manual
measurement on the experimental site, the decrease of snow depth per day was used to estimate
the snow melt water equivalent, by the following equation:
(3-4)
Where:
ρsnow = density of snow, kg/m3
Δl = decrease of snow depth per day, m/d
By the measured snow water equivalent data, ρsnow is calculated:
(3-5)
Where:
SWE = measured snow water equivalent, mm
h = snow depth measured by the tube, cm
In this way, Equation 3-3 becomes:
(3-6)
With the developed equation based on Equation 3-2:
(3-7)
Where:
Qr = heat flux from the layer beneath the snow layer, kJ/(m²·s)
In this thesis research with the assumption that the heat flux through the roof assembly
was one-dimensional, Qr was the measured heat flux through the roof. The combination of
Equations 3-6 and 3-7 is the energy balance model for the snow layer on the top of the building
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roofs. Net short-wave radiation was derived using predicted snow surface albedo, and upward
long-wave radiation was calculated using the estimated snow surface temperature. Turbulent
fluxes of sensible and latent heat were proportional to the estimated gradients of temperature and
vapor pressure. Detailed calculation methods of each component in this model are presented in
the following sections.

3.3.2 Short-wave radiation
Short-wave radiation is emitted by the sun and falling within a very narrow wavelength
band with maximum intensity at 0.47 μm. The amount of the short-wave radiation penetrating the
earth’s atmosphere to be received at the surface varies widely depending on latitude, season, time
of day, topography (slope and orientation), vegetation, cloud cover and atmospheric turbidity
(Gray and Male 1981). Short-wave radiation reaching the earth’s surface has two components: a
direct beam component along the sun’s rays and a diffusive component scattered by the
atmosphere but with the greatest flux coming from the direction of the sun. The snow surface
could reflect a large portion of the short-wave radiation incident on the snow surface. Snow
albedo is the parameter to present the ratio of the reflected radiation Q r to the incident radiation
Qsi.
⁄

(3-8)

Snow albedo (A) is expressed as a decimal fraction or a percentage. Therefore, the net
short-wave radiation flux absorbed by the snow (Qsn) is calculated:
(3-9)
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The snow surface albedo was considered as a constant for each day, and the relationship
between the albedo and the snow age was used to determine the albedo values (U.S. Army Corps
of Engineers 1956).
This research used the collected downward solar radiation data from the SURFRAD
station. The Penn State University SURFRAD station is located on the grounds of Penn State
University's agricultural research farm. It is in a broad Appalachian valley between Tussey and
Bald Eagle Ridges, and is hosted by the Meteorology Department.
According to one previous study, the snow albedo changes as it jumps to a maximum
value when the surface is covered by fresh snow, it then decreases exponentially until the next
fresh snowfall (Kondo and Yamazaki 1990). This study used the prediction of snow albedo data
shown in Figure 3-1 from U.S. Army Corps of Engineers (Engineers 1956).

Figure 3-1: Variation of snow albedo with age during the melt season
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3.3.3 Long-wave radiation
The net long-wave radiation at the snow/air surface (Q ln) has two components: the
downward radiation (Qli) and upward radiation emitted by the snow surface (Q le). Since the snow
surface has good ability to emit the long-wave radiation, the upward radiation is normally greater
than the downward radiation, and makes the net long-wave radiation flux at the snow/air surface a
minus value. The variations in the amount and temperature of the water vapor result in the large
variations of Qli. A lot of researches have indicated that Qli relates to the air temperature and
vapor pressure, with the height from 1.5 m to 2 m above the snow surface (Gray and Male 1981).
One study suggested the following relationship to calculate Qli:
√

(3-10)

Where:
σ = Stefan-Boltzzman constant, 5.67×10-8 W/ (m2·K4)
Ta = air temperature, K
ea = vapor pressure, Pa
Ta and e are measured at 1.5 m or 2 m above the snow surface; a and b are empirical
coefficients. In this thesis research, Qli was solved and compared in two ways. The first one is
based on the following empirical expression (Satterlund 1979):
[

⁄

]

(3-11)

In this equation, ea is in millibars. The other method is use the real data from SURFRAD
station; with the downward long-wave radiation data:
(3-12)
Qlong-wave = downward long-wave radiation, W/ m2
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The long-wave radiation emitted by the snow surface was calculated on the assumption
that snow was a near-perfect black body in the long-wave portion of the spectrum. Therefore,
(3-13)
Where:
Ts = absolute temperature of the snow surface, K
εs = snow emissivity, use 0.97 here

3.3.4 Ground heat transfer from the roof
For the green roof buildings and bare soil roof buildings, the ground heat transfer
indicated the heat transfer through the bottom of snow layer and top of the soil layer. Previous
research reported that accurate evaluation of the heat flux across the snow/soil interface is
complicated due to various properties and processes, such as soil moisture content, infiltration of
melt water, vapor transfer and the magnitude of solar radiation penetration through the snow layer
(McKay 1978). The methods to measure the soil heat transfer reported in previous studies include
the use of heat flow plates buried in the soil (Monteith 1958), or measuring the soil temperature
profile in conjunction with soil heat capacity to simulate net gain or loss of heat within the soil
layer (Slayter 1961). The direct method to obtain the value for the ground heat transfer here was
to use the heat flux data measured by the heat flux sensor installed in each building, based on the
assumption that the heat transfer through the entire roof layer was one-dimensional.

3.3.5 Turbulent energy exchange
The heat and moisture transfer processes above the snow layer appear as the consequence
of turbulent mixing. The two processes can be taken as a single process since they occur
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simultaneously. The mainly reason that causes this process is the turbulent convection in the
snow/air surface due to the wind, and the conduction when the wind is weak. The molecular
processes of the heat and moisture transfer (include the conduction and diffusion) could be
neglected (Kuusisto 1986). The turbulent flux exchanges were reported to be of secondary
importance while the net radiation flux exchanges are the controlling component in most
snowmelt processes (Gray and Male 1981). The turbulent fluxes, which may play an important
role in determining the rate of snowmelt, is governed by the complicated turbulent exchange
processes occurring in the air over the snow surface with a reference height of 2 m or 3 m. The
turbulent fluxes are defined by the following equation (Serreze 1992):
(3-14)
(3-15)
Where:
Cp = specific heat of the air at constant pressure, kJ/(kg·K)
hv = latent heat of vaporization of water, kJ/kg
ρair = air density, kg/m3
w = vertical wind component, m/s
Tair = air temperature at the reference height, °C
q = air specific humidity, kg/kg
TꞋ and qꞋ represent the departure of the quantities ρairw, q and T from their respective
mean values. It is difficult to make an independent determination for the turbulent heat fluxes,
and a more common way to estimate these fluxes is to measure the wind, temperature and
humidity profiles at a reference height above the snow surface. The assumption should be made
that Qh and Qe are functions of the time-averaged mean potential temperature and the specific
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humidity at any height. In this way, the equations are written as (Prandtl 1932; Gray and Male
1981):
⁄
⁄

(3-16)
(3-17)

z = reference height above the snow surface, m
Kh and Ke = eddy diffusivities for the convective and latent energy transfers, respectively,
m2/s
Solving the equations needs numerous detailed measurements, therefore in the current
study the turbulent fluxes of sensible and latent heat were calculated from three measured
components of wind speed, air temperature and relative humidity, using the installed weather
station. There are several simplified expressions to estimate the Q h and Qe have been developed in
previous literature (Gray and Male 1981):
(3-18)
(3-19)
Where:
Dh = bulk transfer coefficient for sensitive heat transfer, kJ/(m3·°C)
De = bulk transfer coefficient for latent heat transfer, kJ/(m3·mbar)
UZ = wind speed at the reference height, z is taken between 1 and 2 m, m/s
Ta, Ts = temperatures of the air and the snow surface, respectively, °C
ea, es = vapor pressures of the air and the snow surfaces, respectively, mbar
The fluxes were derived from the estimated temperature and vapor pressure gradients
between the snow surface and a reference height. To use the Equations 3-18 and 3-19, ea and Ta
are required to be measured at the same height as U z, with the reference height above snow
surface.
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Many researches have reported the values for the sensible and latent heat flux transfer
bulk transfer coefficients. Several studies gave the values for Dh and De, but those these
coefficient are widely different may due to the instrumentation used and different atmospheric
stability (Gray and Male 1981). Another research gave a suggestion of the ratio of Dh and De
(Gold and Williams 1961):
(3-20)
Therefore, this study chose to use the value of Sverdrup (1936) as quoted by U.S. Army
Corps of Engineers (1956) with the measurement at a reference height of 1 m for Uz, ea and Ta.;
with the value that Dh = 5.74×10-3 kJ/(m3·°C) and De = 10×10-3 kJ/(m3·mbar).
Atmospheric vapor pressure at the reference height was calculated from the air
temperature and relative humidity data collected by the weather station. Similarly, snow surface
vapor pressure was assumed to be the saturation vapor pressure of the air at the snow surface
temperature. Then snow surface has a vapor pressure es = esat(Ts), which is the saturation vapor
pressure at temperature Ts.

3.4 Snow conductivity calculation

3.4.1 Assumptions
To calculate the bulk snow conductivity and to derive the equations set for future
research, some assumptions have been made to simplify the problem:
1) Assumed a one-dimensional heat conduction as the predominant heat transfer pattern
through the snow layer.
2) Neglected phase-change and impurity effects inside the snow layer.
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3) The snow layer was a homogenous bulk layer, with well-distributed air and water
inside, and was considered as a porous layer.
4) The vegetation layer was buried by the snow, so as to ignore the vegetation effects on
the snow conduction calculation (Chung 2006).

3.4.2 Development of snow conductivity equation
This study used the Johansen method for developing the equations of snow conductivity
calculation. One previous study offered an interpolation approach to estimate K soil based on the
thermal conductivity when the soil is dry (K dry) and when the soil is saturated (Ksat) (Balland
2005). Since snow is also a porous material and is similar to the soil in some aspects, the current
thesis assumed the equations to calculate the Ksoil could be used to estimate the Ksnow:
(3-21)
Where Ke is the Kersten number, which is a dimensionless function of porous material’s
saturation, has a linear equation with log θsat:
(3-22)
Where:
a and b are constants
θsat = degree of saturation of the pores
Equations 3-21 and 3-22 are the primary equations developed in this study to calculate
the snow conduction. In order to complete the equations, the aim was to find proper values for a
and b by the experimental data. The calculation of other parameters in Equations 3-21 and 3-22
are presented below.
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Snow conductivity calculation (Ksnow)
According to the heat balance through the snow layer, consider the heat conduction as the
predominant heat transfer process. Take the downward heat flux as positive and upward heat flux
as negative, then:
(3-23)
(3-24)
(3-25)
Where:
Qcond = conduction heat through the snow layer, W/m2
l = measured snow depth, m
ΔT = temperature difference between the snow surface and snow bottom, °C
Ts = snow surface temperature, °C
Tb = measured temperature at the snow bottom, °C

Conductivity of dry snow (Kdry)
Dry snow indicated the snow without liquid water inside. Using the method based on air
and ice conductivities, Kdry could be calculated by the following way (Balland 2005):
(3-26)
(3-27)
Where:
Kice = ice conductivity, 2.2 W/(m·K)
Kair = air conductivity at Tsnowpack, W/(m·K)
ρsnow = snow density, calculated by measured snow water equivalent, g/cm 3
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ρice = ice density, 0.9167 g/cm3
Tsnowpack = temperature of the snowpack, equals to 0 when calculated results by Equation
(3-27) > 0, °C
a = constant, When t ＜ 0
t=0

a = 0.15
a = 0.3

Conductivity of saturated snow (Ksat)
Saturated snow indicated wet snow under saturated condition. Ksat could be calculated
using the equation (Balland 2005):
(3-28)
(3-29)
Where:
Kwater = water conductivity at 0 °C, 0.5475 W/(m·K)
Vpores = relevant fractions for bulk volume of pores in the snow

Degree of saturation of the pores in snow (θsat)
θsat indicates the liquid water fraction inside the snow layer and describes how wet the
snow is.
(3-30)
Where:
Vwater = relevant fractions for bulk volume of water in the snow
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Vwater was determined by observation based on the following table (Techel and Pielmeier
2011):
Table 3-1: Hand test for the qualitative estimation of liquid water content (mWC) and the
approximate range of liquid water content (θ)

With the calculated Ksnow, Ksat and Kdry, the relationship between log θsat and Ke could be
known and the Ksnow equations set was complete.

Chapter 4 Experiment Set-up and Process

4.1 Test site layout of the experiments
The test subjects were six 4.65 m2 buildings which were located at the Russell E. Arson
Research Center of the Pennsylvania State University near Rock Springs, 24 km south of State
College, PA in Centre County. The size of the buildings was 1.8 m×2.6 m×2.6 m; and they were
arranged in a 2 m×3 m grid spaced 6 m apart. This separation helped reduce the mutual effects
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between the buildings, which may result from blocking of wind, rain, and snow; thus insuring
independent indoor and outdoor environments for all of the buildings. In addition, this
arrangement allowed for consistent exposure to the sun and weather elements (DeNardo 2003).
Buildings 2, 3, and 6 were green roof buildings with both vegetation layer and soil layer (growth
substrate); building 1 was the bare soil roof building with only a soil layer and no vegetation
layer; buildings 4 and 5 were reference roof buildings with neither soil layer nor vegetation layer
beyond the original roofs. The door and windows were located on the north side of each building.
There was a light roof slope (1/12) from the bottom edge of the roof to maximize the solar
effectiveness for the buildings. Figure 4-1 is a photograph of the experimental site.

Figure 4-1: The view of the test site of green roof experiments

All the buildings were built with identical insulation levels, identical heating devices, and
air conditioning systems. The heating device was a 1 kW thermostatically controlled standing
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heater leaning on the south wall, and a 3 kW air conditioning system was installed in the north
wall window of each building.
The materials of the wall with the order from the interior to the exterior are 6.35 mm
plywood, 89 mm fiber glass batting insulation with a thermal resistance (R-value) of 2.3
(m2·K)/W and 6.35 mm oriented strand board (OSB) sheets. The materials of the original roofs
with the order from the inside to the outside are 6.35 mm OSB sheets, 89 mm fiberglass batting
insulation, 19.05 mm plywood, and water proofing layer. The insulation in the walls and roofs of
each building was 89 mm of fiberglass batting insulation with a thermal resistance of 2.3
(m2·K)/W.

4.2 Green roof components used in the experiments
The components of the green roof were identical for each green roof building. Beyond
the same original roof as the reference buildings, the green roof buildings had additional layers
from the bottom to the top with the order of plastic layer to protect the roof, drainage layer
(Colbond company) with a fabric layer glued to it, soil layer and vegetation layer. The bare soil
roof had the similar layers components except the vegetation layer. Both the green roof and bare
soil roof buildings had a treated lumber framework around the edge of the soil layer to protect
and contain the medium. The depth of the soil layer was around 90 mm.
The vegetation used was Sedum spurium, which is commonly used for extensive green
roofs. This is a kind of hardy succulent plants and has the ability to survive in drought and harsh
conditions by limiting their water loss due to transpiration (Sailor 2008). The height of the
vegetation layer is from about 12.7 mm to 19 mm. The substrate was a mix of sphagnum peat
moss, coir (coconut fiber), perlite, and hydrolite.
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4.3 Data acquisition system
In addition to the six buildings stated above, there was another building where the control
computer and data acquisition system were located. The data collected in the experiments were
divided into three parts. The first part was the local meteorology data collected by a WatchDog
Weather Station (Model #900), which was located on the northeast corner of the control building
roof. Spec ware was the software used to log, launch and out put the data files. The second part
was the parameters related with the buildings’ operation; which included temperature data, snow
depth, and heat flux through the roofs. Different kinds of sensors were used to measure these
parameters, translate the variances into electronic signals and send to the two dataloggers which
connected to the computer inside the control building. PC208 datalogger support software
(Campbell Scientific, Inc) was used to develop and document programs for the dataloggers,
output and display the collected data files. The third part of data was collected by manual device.
The measured data includes snow depth and wetness, snow water equivalent (SWE) and snow
cover percentage on the roofs.

4.3.1 Meteorology data
The weather station was installed above the roof of the control building. The collected
meteorology data included relative humidity (%), rain fall (ft), solar radiation (W/m 2),
temperature (F), wind direction (Deg), wind gust (mph), and wind speed (mph). The data was
collected every 30 seconds and averaged every 15 minutes.
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4.3.2 Temperature data
Temperature sensors (Omega thermistor, model # 44006) were used to measure
temperature data during the experiment. The positions of the sensors were identical in each
building, but the quantity of sensors differed from building to building. The sensors were
arranged in a vertical line if there were more than one sensor in the same position.
For green roof buildings, there were four positions distributed on the same horizontal
plane that could be the position for the sensors.

Figure 4-2: Plan view of temperature sensors’ locations’ of green roofs
For positions 1 and 4, seven sensors were installed with the order from bottom to top: RI
(roof inside), RO (roof outside), RD (roof drainage layer), RP (middle of soil layer), RS (surface
of soil), RM (plants temperature), RT (air temperature).
For position 2 and 3, four sensors were installed with the order from bottom to the top:
RI, RO, RD, RP.
The regular roof layer had two sensors RO and RI to measure the outside and inside
temperature of the roof. Sensors RD and RP was used to measure the temperatures of drainage
layer and soil layer, separately. The vegetation layer had two sensors. The RS was on the top of
the soil to measure its temperature. The RM was 2.54 cm above the surface of the soil layer to
measure the plant temperature. Then the sensor RT was 15.24 cm above the soil layer to measure
the air temperature.
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The bare soil roof building was similar to the green roof buildings without the sensor RM
and RT. Figures 4-3 and 4-4 show the vertical view of temperature sensors’ locations for green
roof and bare soil roof buildings.

Figure 4-3: Vertical view of temperature sensors’ locations’ of green roofs
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Figure 4-4: Vertical view of temperature sensors’ location of bare soil roof

For the reference roof buildings, there were only three sensors RO, RI, and RS. RI was
located below the insulation layer and RO was right above the insulation layer.

Figure 4-5: Vertical view of temperature sensors’ locations’ of reference roofs

Each wall had two sensors WI (wall inside) and WO (wall outside) to measure inside and
outside wall temperatures. WI was placed on the interior of the wall adjacent to the insulation;
WO was on the exterior of the wall adjacent to the insulation. Therefore, there were eight wall
sensors for each building.
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Figure 4-6: Vertical and plan view of temperature sensors’ location of walls

Each floor had two sensors FI (floor inside) and FO (floor outside) to measure inside and
outside floor temperatures. FI was located right below the floor surface; FO was located below
the insulation layer. Therefore, there were two floor sensors for each building.

.

Figure 4-7: Vertical and plan view of temperature sensors’ location of floors

4.3.3 Heat flux
One heat flux meter (OMEGA, HFS-3) with the size of 114.3 mm×114.3 mm×3.2 mm
was installed for each building. The sensors were calibrated so when the heat flux was positive, it

63
indicated that the heat was coming from the outside environment into the building. The collected
data was averaged every 15 minutes.

4.3.4 Snow depth measurement
Three snow sonar depth sensors (MaxBotix, MB7070) were installed separately for
building 1 (bare soil roof), building 3 (green roof) and building 5 (reference roof). The collected
data was averaged every 60 seconds, was used only as a reference to the manually measured
snow depth data. The manual device used for snow depth measurement was a snow depth probe
from snowmetrics company.

4.3.5 Connections of the data acquisition system
As for the data acquisition system, each building had a multiplexer (AM 16/32 Relay
Multiplexer, Campbell Sci, Inc) inside to collect the measure temperature data. Two dataloggers
(Campbell Sci, Inc, 23x) were installed inside the control building to obtain all the signals from
the multiplexers and send the signals to the computer inside the control building. The computer
downloaded data from the dataloggers, output and stored the data by programs. Particularly,
building 1 had an additional multiplexer to receive pressure data signals from each building and
transferred the data to the dataloggers. The multiplexer and sensor lines distribution is shown in
Figure 4-8.
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Figure 4-8: Plan view of building layout and data acquisition system

4.3.6 Programming and calibration of the system
As stated above, the dataloggers were programmed to record temperature data. The
dataloggers received the voltage signals sent by the multiplexers in the experimental buildings.
The variance of the voltage that related to the variance of the measured temperatures was
recorded by the dataloggers. By using mathematical operations, the program translated the
variance of voltage to temperature data that can be displayed and output by the computer.

4.3.7 Manual device and measurements
In addition to the automatic measuring system, manual device was used in the experiment
to obtain instant data. The snow depth probe (Snowmetrics) was used to measure the snow depth.
The data was collected from five representative locations on the roofs and was averaged. The
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snow board (Snowmetrics) sampling equipment was to measure the water equivalence of snow.
The snow coverage percentage and snow wetness content were estimated by observations.

4.4 Experimental procedure and data collection
The work of setting up the equipment was conducted during the summer and fall of 2010.
After the adjustment and calibration of the equipment, the formal experiment process lasted from
the end of November 2010 until the end of February 2011. During this period, there were 11 days
with manual measurements of snow properties.

Chapter 5
Experimental Results and Analysis

5.1 Comparison of manually measured data
Of the days with manual measurements, February 21 to February 27 was a whole period
from fresh snowfall to complete snowmelt. In order to compare the collected manual data of the
three kinds of buildings, data collected during this period is presented below. Figure 5-1 shows
the comparison of average snow depth versus the date. The weather data was from National
Climatic Data Center of National Oceanic and Atmospheric Administration. The three kinds of
roof had the same trends during this period. However, when the snow was melting, the melting
rate of the reference roof and bare soil roof were similar, while the rate of the green roof was
obviously lower than other kinds of roofs. The reasons could be: (1) the roof albedo is different;
(2) the green roof buildings had drainage layers while the reference buildings did not, the air
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inside the drainage layers increased the insulation value of the roofs and prevented the heat

Snow depth (cm)

transferring from the building inside.

9.00
8.00
7.00
soil roof
6.00
average green roof
5.00
average reference roof
4.00
3.00
weather data
2.00
1.00
0.00
2/20/2011 2/22/2011 2/24/2011 2/26/2011 2/28/2011
Date

Figure 5-1: Comparison of average snow depth versus the time

Figure 5-2 and Figure 5-3 show the density and snow water equivalent (SWE)
comparison between the different roof types. For the density, the reference roof and bare soil roof
acted quite similar, but the snow density of the green roof was much lower during the snowmelt
period, due to the reason that the snow density was calculated from snow depth. The SWE of the
roofs acted quite similar to each other.
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Figure 5-2: Comparison of snow density versus the time
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Figure 5-3: Comparison of SWE versus the time
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Figure 5-4 shows the comparison of the estimated snow cover percentage. Three types of
roofs behaved the identically at the beginning and the end of the period, but the snow cover
percentage of the green roof was the highest, while it shows that the snow melting process was
quicker for the reference roofs.

Cover percentage (%)

120
100
80

soil roof

60

average green roof
average reference roof

40
20
0
2/20/2011 2/22/2011 2/24/2011 2/26/2011 2/28/2011
Date

Figure 5-4: Comparison of snow cover percentage versus the time

5.2 Development of snow conductivity equations

5.2.1 Fitted equations for calculating snow conductivity
Based on the heat balance model developed and the equations set, input the measured
data into Engineering Equation Solver (EES) program to solve the problem and obtained 28
points of Ke and logθ. The points are shown in Table 5-1:
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Table 5-1: Points of Ke and logθ calculated by EES

Building 1
Building 2
Building 3
Building 4
Building 5
Building 6

2/13/2011
logθ
Ke
-1.539 -0.07208
-1.45
-0.12
-1.474
-0.0858
n/a
n/a
n/a
n/a
-1.594 -0.07701

2/23/2011
logθ
Ke
-1.26 -0.1762
-1.256 -0.1595
-1.253 -0.1674
-1.24 -0.1782
-1.215 -0.2099
-1.246 -0.1751

2/24/2011
logθ
Ke
-0.8633 -0.2774
-0.9674 -0.2481
-0.8732 -0.2414
-0.8917 -0.2747
-0.8583 -0.287
-0.9674 0.2655

2/26/2011
logθ
Ke
-1.269 -0.153
-1.351 -0.1354
-1.342 -0.1239
-1.224 -0.1886
-1.283 -0.2281
-1.327 -0.1676

2/27/2011
logθ
Ke
-1.189
-0.1776
-1.24
-0.1724
-1.237
-0.1709
-1.138
-0.201
-1.145
-0.2575
-1.26
-0.1454

By equation fitting to find the relationship between Ke and logθ, Figure 5-5 shows the
fitted results for the equation Ke = a+blogθ.

Fitted Line Plot

Ke = - 0.3594 - 0.1607 log_thita
0.3

S
R-Sq
R-Sq(adj)

0.2
0.1

Ke

Date

0.0
-0.1
-0.2
-0.3
-1.6

-1.5

-1.4

-1.3
-1.2
-1.1
log_thita

-1.0

-0.9

-0.8

Figure 5-5: Fitted line plot with Ke and logθ

0.0991466
9.5%
6.0%
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It is obvious to see there was an outliner, so this point was deleted and the equation was
fitted again.
Fitted Line Plot

Ke = - 0.5256 - 0.2826 log_thita
S
R-Sq
R-Sq(adj)

-0.10

0.0223988
86.2%
85.6%
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-1.0
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Figure 5-6: Fitted line plot with Ke and logθ after delete one point

It can be seen from Figure 5-6 that after deleted one point, the R2 of the equation reached
86.2%, which is reasonable. Therefore, the equations set for calculation of wet snow conductivity
(Equation 3-21 and 3-22) are completed:
(3-31)
(3-32)
Where:
(3-33)
(3-34)
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(3-35)
(3-36)
When the snow is dry, θsat equals to 0, therefore could use Equation 3-34 to calculate the
snow conductivity.

5.2.2 Comparison of downward long-wave radiation calculation
As discussed before, two methods were used to calculate the downward long-wave
radiation, by using an empirical expression (Equation 3-11) and the real data from SURFRAD
station (Equation 3-12). In Figure 5-8, Qli,1 is the empirical method and Qli is the real data method.
On average, the calculation from real data was lower than the empirical results. The difference
between the results may be due to that the empirical expression was only based on air temperature
and vapor pressure, and did not consider the cloud cover effects.
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Figure 5-7: Comparison of calculated downward long-wave radiation

5.2.3 Comparison of dry snow conductivity calculations
Many previous studies calculated the snow conductivity by assuming dry snow
conditions. In this thesis, Kdry was calculated based on density of ice and snow, as well as
conductivity of ice and air (Balland 2005). Since this method was firstly used for soil, Figure 5-8
compares the results with another method (Equation 2-19 and 2-20) based only upon snow
density (Sturm 2002). The Kdry and Kdry_rho indicate the method used in the thesis and Strum’s
method, separately. The figure shows the line of Kdry is more flat and the line of Kdry_rho is sharper
compared to each other. This may due to that K dry_rho was only depended on snow density while
Kdry showed comprehensive results of more factors.
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Figure 5-8: Comparison of calculated conductivity for dry snow

5.2.4 Possible errors
This research used the collected downward solar radiation and long-wave radiation data
from the SURFRAD station. Therefore, the solar radiation data may differ from the real data in
the experimental site, which could cause some bias in the calculations.
When calculating the sensible heat flux based on the single layer model, the assumptions
portrayed stable conditions and a linear temperature profile inside the snow layer, which could
introduce some errors due to the radiative heating above the snow surface typically during the
snowmelt process (Leydecker and Melack 1999). Furthermore, the single layer model could
underestimate the sensible heat flux by the phenomenon reported by previous research (Males
and Granger 1979; Halberstam 1981).
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Under conditions of initial stability, evaporated water vapor from the snow layer was
retained in the air layer just above the snow surface and subsequently heated by solar radiation
directly from above and by reflection from the snow. As the layer became warmer than either the
snow surface or the ambient air above, it re-radiated energy in the infrared from its upper surface
towards the atmosphere and from its lower, towards the snowpack. When the temperature of this
air layer reached the maximum, a sensible heat flux reversal occurred with the radiatively heated
layer, causing the stable air and a strong flux towards the snow surface below the air layer, as
well as an unstable condition and an upward flux above the layer. This phenomenon also affected
the water vapor flux; the high vapor pressure maintained in the air layer could indicate little
additional vapor flux from the surface (Moore 1983). However, the study stated the turbulent flux
is not as important for the whole energy balance under the initial conditions; and this condition
cannot develop when the effects become significant on windy overcast days.
Another reason that may cause errors of the calculation is due to one of the major
dilemmas in snow hydrology. In order to use the heat balance model on a routine operational
basis, this thesis study used relatively simple expressions and equations to calculate the sensible
and latent heat fluxes. However, these simple expression may not adequately describe the
complicated interactions which occur continuously in the snow/air interface (Gray and Male
1981). In addition, the estimation of Ts without iteratively balancing the heat fluxes of the
snowpack but assumed that the snowpack had a linear temperature profile in the vertical
direction, may contributed to a overestimation of Ts (Singh 2005).
Since the melting snow layer has a rougher surface than that of smooth snow on a short
grass field, the bulk transfer coefficient for latent heat transfer (D e) should be higher (Gold and
Williams 1961). The difference of surface roughness could affect the accuracy while calculating
the latent heat transfer.
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In addition, other sources causing the errors may result from the assumptions, such as the
consideration of one-dimensional heat transfer and quasi-steady state could introduce bias when
estimating the heat flux. The soil layer below the snow layer may store some energy from the
building inside; and the heat could dissipate through other directions during the heat transfer
process; these could result in a higher value while calculating the snow conductivity.

5.3 Comparison of heat losses through the roofs

5.3.1 Methods and assumptions

One of the reasons that cause the energy loss of buildings is the heat transfer from
the warm inside air to the outside air through the roofs. As stated above, the snow layer on the
roofs could affect the R-value of the entire roofing system and heat transfer process through the
roof. Therefore, to evaluate the green roof’s performance during the heating season, this thesis
divided the measured data into two types of periods: days with snow layer on the top of the roofs
and days without snow layer on the top of the roofs.
The measured heat flux data was used to evaluate the building performance as the
indicator of heat loss from the buildings. The analysis of the results was conducted for the two
different conditions separately to make a comparison. Since the snow precipitation was limited
during the experimental winter, only one continuous week was used as the observed period with
the accumulated snow layer on the roofs. This period also included the change from fresh
snowfall to melted snow. For better comparison, another week with no snow participation or
accumulated snow layer was taken as the no snow period.
In addition, this study made some assumptions to simplify this problem. One-dimensional
heat transfer through the roofing systems was considered. The thermal storage of the vegetation
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and soil layer was neglected by assuming quasi-steady-state heat transfer process. Since the
buildings were built with identical structure and equipment, the indoor and outdoor conditions for
the buildings were taken as identical and did not create differences in the measured results.

5.3.2 Statistical hypotheses
The goal of the analysis was to determine whether the roof type affected the heat losses
through the roof and to compare the heat losses between the three kinds of identical buildings.
The following hypotheses for statistical discussion were developed under the conditions when the
roofs with and without the snow layer, separately:
Null Hypothesis 1: The energy loss through the roof of the green roof building is not
significantly different (p>0.05) from that of the reference roof building in the heating season.
Alternative Hypothesis 1: The energy loss through the roof of the green roof building is
significantly different (p<0.05) from that of reference roof building in the heating season.
Null Hypothesis 2: The energy loss through the roof of the reference roof building is not
significantly different (p>0.05) from that of the bare soil roof building in the heating season.
Alternative Hypothesis 2: The energy loss through the roof of the reference roof building
is significantly different (p<0.05) from that of the bare soil roof building in the heating season.
Null Hypothesis 3: The energy loss through the roof of the bare soil building is not
significantly different (p>0.05) from that of the green roof building in the heating season.
Alternative Hypothesis 3: The energy loss through the roof of the bare soil building is
significantly different (p<0.05) from that of the green roof building in the heating season.
To support these hypotheses the study examined the measured heat flux data for the
following two periods:
(1) From 12/31/2010 to 01/06/2011 as the observed week with no snow on the rooftop,
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(2) From 02/21/2011 to 02/27/2011 as the observed week with snow on the rooftop.
By adapting the analysis, each building was regarded as a block to eliminate the effects
caused by the differences between the buildings. Time was the data measured interval (15
minutes) and considered as a random factor. The main analysis was conducted by the R Project
for Statistical Computing.

5.3.3 Statistical results and analysis under no snow condition
Table 5-2 to 5-4 present the results from ANOVA for the observed week with no snow
condition, indicting the hypotheses stated above, separately.

The results suggest that the

experimental procedure was adequate and no unintended factors were present.

Table 5-2: Analysis of Variance Table for green roof building and reference roof building
Source

DF

Sum Sq

Mean Sq

F

p-value

Roof type

1

359.6

359.62

62.0979

4.424e-15

Building

3

2684.6

894.86

154.5201

< 2.2e-16

Time

95

668.7

7.04

1.2154

0.07888

Error

3245

18792.5

5.79

Total

3344

22505.4

Table 5-3: Analysis of Variance Table for bare soil roof building and reference roof building
Source

DF

Sum Sq

Mean Sq

F

p-value

Roof type

1

37.0

36.962

13.1602

0.0002935

Building

1

204.1

204.089

72.6648

< 2.2e-16

Time

95

776.6

8.174

2.9105

< 2.2e-16

Error

1909

5361.7

2.809

Total

2006

6379.4
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Table 5-4: Analysis of Variance Table for bare soil roof building and green roof building
Source

DF

Sum Sq

Mean Sq

F

p-value

Roof type

1

37.0

36.962

13.1602

0.0002935

Building

1

204.1

204.089

72.6648

< 2.2e-16

Time

95

776.6

8.174

2.9105

< 2.2e-16

Error

1909

5361.7

2.809

Total

2006

6379.4

The results from the all of the three tables suggest that as expected, the p-value for the
roof type is much smaller than 0.05, indicates that the null hypotheses were rejected and the
alternative hypotheses were supported. Therefore, the energy performances of the three kinds of
buildings were different from each other when there was no accumulated snow on the roofs.
However, it needs to be noticed that since there was only one bare soil roof building among the
six buildings, the results related to the bare soil building may be relatively susceptible compared
to other results although the original data measured and analyzed were a large amount.

5.3.4 Statistical results and analysis under snow condition
Table 5-5 to Table 5-7 present the results from ANOVA for the observed week under
snow condition, indicting the hypothesis stated above, separately.

Table 5-5: Analysis of Variance Table for green roof building and reference roof building
Source

DF

Sum Sq

Mean Sq

F

p-value

Roof type

1

20.4

20.444

11.4506

0.0007232

Building

3

600.9

200.315

112.1932

< 2.2e-16
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Time

95

200.5

2.110

Error

3260

5820.5

1.785

Total

3359

6642.3

1.1818

0.1129306

Table 5-6: Analysis of Variance Table for bare soil roof building and reference roof building
Source

DF

Sum Sq

Mean Sq

F

p-value

Roof type

1

6.4

6.411

3.8706

0.04928

Building

1

232.5

232.450

140.3375

< 2.2e-16

Time

95

285.9

3.009

1.8169

4.33e-06

Error

1918

3176.9

1.656

Total

2015

3701.7

Table 5-7:Analysis of Variance Table for bare soil roof building and green roof building
Source

DF

Sum Sq

Mean Sq

F

p-value

Roof type

1

37.0

36.962

13.1602

0.0002935

Building

1

204.1

204.089

72.6648

< 2.2e-16

Time

95

776.6

8.174

2.9105

< 2.2e-16

Error

1909

5361.7

2.809

Total

2006

6379.4

Similar to the observed week without snow, the tables indicate that the roof type was a
significant factor affecting the heat flux through the roof systems. However, it needs to be
mentioned that when comparing the bare soil roof building and the reference roof building, the pvalue is quite close to 0.05 (with the value of 0.04928), means it is the edge value to reject the
null hypothesis. In this case, the heat flux difference between the bare soil roof building and the
reference building was not obvious when compared to other calculated results. This may be due
to the reason that the snow layer on the top of the roof affected the heating transfer process and
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reduced the differences between the bare soil roof building and the reference roof building during
the observed period.

5.3.5 Comparison results of the mean heat flux
The statistical results have proved that different kinds of roofs indicated different heat
loss through the roofing system; the next step is to figure out how large the difference is by
comparing the mean heat flux. Therefore, for each kind of building, the results were analyzed
using One Sample T-test based on the Minitab R15 statistical software package to calculate the
mean value of heat flux and 95% confidence interval. Figure 5-9 and Figure 5-10 illustrate
comparison of the results bars.

Mean Value of Heat Flux for Buildings
(W/m2)
Bare soil roof

Reference roof

heat flux

Green roof
-12

-10

-8

-6

-4

-2

0

Figure 5-9: The mean heat flux under no snow conditions, shown with individual 95% confidence
interval bars
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Mean Value of Heat Flux for Buildings
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Bare soil roof
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heat flux
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-12

-10

-8

-6

-4

-2

0

Figure 5-10: The mean heat flux under snow conditions, shown with individual 95% confidence
interval bars

Figure 5-9 shows the results under the condition when there is no snow layer on the
roofs. It can be seen that the green roof building had the lowest mean heat flux during this
observed week, while the bare soil roof building had the highest and the reference building had
the heat flux in between. According to Figure 5-10, the green roof building also had the lowest
mean heat flux during the period when there was a snow layer on the roofs. However, the
reference roof building resulted with the highest mean heat flux. The two figures indicate that
during the heating season, regardless of the presence of snow layer on the roofs, the green roof
buildings had the least heat loss when compared to other two kinds of buildings, which implies
that a reduction of heat loss existed with the addition of the green roof to the buildings.
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5.3.6 Comparison of the heat flux reduction by the green roof buildings
In order to further compare the performance of the green roof buildings and the reference
roof buildings, Table 5-8 presents the reduced heat flux during the two observed periods. It can be
seen that when compared to the reference roof buildings, the green roof buildings reduced heat
flux as much as 22.9 % when there was no snow layer on the roofs. The results agree with the
previous results that the green roofs reduce the heat flow in the winter with 10 %-30 % (Liu and
Baskaran 2005).

Table 5-8: Reduced heat flux of green roof building under different conditions during the winter
Comparisons

No snow layer

With snow layer

Mean heat flux of green roof building (W/m2)

-7.12

-9.12

Mean heat flux of reference roof building(W/m2)

-9.23

-9.62

Reduced heat flux (%)

22.9

5.2

However, the existence of the snow decreased this heat flux reduction to 5.2%. The
results also indicate the snow layer could affect the green roof performance as expected. The
possible explanation for the results could be:
(1) The green roofs and the reference roofs had different surface albedo and emissivity
that affected the solar radiation and long-wave radiation to the roof surface. The existence of the
snow layer on top of the roofs diminished this roof difference and decreased heat loss reduction
of the green roof.
(2) The snow layer resulted in the freezing of the growing medium and reduced its
insulation value.
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Additionally, Figure 5-11 shows the snow effects on the heat loss during the snow period.
It can be seen that when the snow was accumulating and the snow depth was large, the green roof
had less heat loss when compared to the reference roof. When it came to the snowmelt process,
the heat loss reduction decreased and the reference roof building had less heat loss through the
roof.
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Heat Loss (W/m^2)

11
10
9
green roof

8

reference roof

7
6
5
2/20/2011 2/22/2011 2/24/2011 2/26/2011 2/28/2011

Date

Figure 5-11: Comparison of daily heat loss during the snow period

It should be noted that this heat loss calculation was only based on the heat flow through
the roofing systems since the buildings were identical. The total heat loss for the whole building
in practical also depends on many other factors, such as the efficiency of heating/cooling
equipment and other parts of building envelope.
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5.4 Snow effects on heat loss through roofs
As stated above, snow effects on the ground beneath is a comprehensive result due to
many factors. Results and analysis from 5.3 have proved that different building types affected the
heat losses through roofs, it is necessary to understand how the snow affected heat loss for
different buildings.

5.4.1 Snow depth’s effects on heat loss through roofs
Figures 5-12 to 5-14 show the daily heat loss during the snow period with the change of
snow depth. It can be seen that the heat loss of bare soil roof and the reference roof had similar
trends with respect to the snow depth, but the heat loss of green roof had a trend opposite in
which the snow depth changed.
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Figure 5-12: Relationship of snow depth and heat loss through bare soil roof
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Figure 5-13: Relationship of snow depth and heat loss through green roof
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Figure 5-14: Relationship of snow depth and heat loss through reference roof

5.4.2 SWE effects on heat loss through roofs
Figures 5-15 to 5-17 show the heat loss with the change of SWE. SWE indicates the
water quantity per unit area obtained after the snow has melted completely, it measures the liquid
water content inside the snow layer. From the figures, the heat loss of bare soil roof and the
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reference roof had opposite trends with respect to the snow depth. For the green roof, the heat
loss had the same trend with SWE, but a time hysteresis exists for the heat loss to achieve its peak
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Figure 5-15: Relationship of SWE and heat loss through bare soil roof
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Figure 5-16: Relationship of SWE and heat loss through green roof
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Figure 5-17: Relationship of SWE and heat loss through reference roof

5.4.3 Snow density’s effects on heat loss through roofs
Since the snow density was calculated by SWE and according snow depth, the
relationships between heat loss and snow density show the similar trends as presented in Section
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Figure 5-18: Relationship of snow density and heat loss through bare soil roof
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Figure 5-19: Relationship of snow density and heat loss through green roof
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Figure 5-20: Relationship of snow density and heat loss through reference roof

Chapter 6
Conclusions and Future Work
The objectives of this study were to:
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1) Conduct an on-site experiment to measure parameters for three kinds of buildings, as
well as snow properties.
2) Develop a heat balance model and equations set to calculate the snow conductivity,
which can be used in heating load calculation for HVAC systems.
3) Compare the heat loss through the roofing system for different buildings under the
conditions with snow and without snow layer on the rooftops.
4) Compare the snow properties for different types of roofs; evaluate the snow effects
on heat losses though the roofs.
To meet all of the objectives, the experiment was conducted during the winter of 20102011. Then the collected data, including the sensors measured data and manually measured data,
was used to assess the snow effects on heating load calculations for buildings with green roof.

6.1 Conclusions from experimental analysis
The green roof, as a sustainable technology, has become a popular research topic in
recent years. Many previous studies have reported that the green roof buildings could have
significant energy savings when compared to the traditional roof buildings during the summer.
However, only a few studies included the winter conditions in their research, especially with
snow layers on the rooftops. To contribute to the green roof building in cold regions with
commonly snow weather, this thesis research aims to provide a method calculating R-values for
green roofs with snow layers during the heating load calculation. A total of six buildings with
three different types of roofs were involved in the experimental research.
The snow layer on the rooftops, as an important factor to describe the winter condition,
was observed by manual measurements. The collected data sets were compared for the three
types of buildings. The green roofs had the largest snowmelt rate and kept the largest snow cover
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percentage during the snowmelt. Snow density of reference and bare soil roof buildings acted
quite similar, but the density of green roof buildings was much lower during the snowmelt.
In addition, the trends of daily changes of snow properties were compared with heat loss
changes. The results show compared with other types of buildings, the green roof buildings had
different relationships with the snow properties.

6.2 Assessment of heat loss reduction of green roof buildings under winter condition
To evaluate the green roof performance during the winter, the measured heat flux through
the roofing system was considered as the main indicator to show the building heat loss. The
analysis was done for one continuous week-time when there was snow on the roofs, and another
continuous week-time during the no-snow period. The measured heat flux data were analyzed
statistically by setting three null hypotheses; the results showed all the calculated p-values were
less than 0.05 and the hypotheses were rejected, indicating that the roof type was a significant
factor to affect the heat loss through the roofs from the buildings inside. The comparison of mean
heat flux showed the green roof building had the least heat loss among the three types of
buildings, no matter with or without the accumulated snow layer.
In addition, the results indicated that the green roof building reduced as high as 22.9 % of
heat loss compared with the reference roof buildings when there was no snow on the roofs; but
this reduction decreased to 5.2% when the snow layer existed. This may due to the factor that the
existence of the snow layer assimilated the surface differences between the green roofs and
reference roofs. The snow layer affected the R-value of the entire roofing system and the heat
transfer process through the roofs, thus reduced the heat loss of the green roof buildings.
However, in principle, the green roof buildings still had a different energy performance pattern
compared to the reference roof buildings.
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6.3 Snow effects on R-value of building roofs for heating load calculation
Calculating the heating load is a basis for designing the HVAC systems for most
buildings. For buildings that have accumulated snow layers on the roofs for most time during the
winters, it is necessary to include the snow effects on the R-value calculation of the roofs. For the
dry snow conductivity, many studies provided calculation methods, from complicated simulations
to simple estimation, from numerical methods to regression equations. This study used a
regression equation based on properties of ice, air and snow to calculate the dry snow
conductivity.
For wet snow conditions, the Johansen method was used for conductivity calculation in
porous media. This method proposes a linear function for a combined saturated and dry
conductivity based on different Kersten numbers for different saturation degrees (Andersland and
Ladanyi 1994; Balland 2005). To complete the equation sets for snow, the snow properties were
measured manually at the experimental site. Then based on the heat balance of the snow layer, a
model was developed to calculate the snow surface temperature especially for snow layer on
rooftops. With the temperature difference between the snow surface and bottom, the conductivity
for the snow layer was calculated by assuming the snow was a bulk layer. The linear relationship
of the Kersten number and degree of snow saturation of the pores were given as following with a
R2 of 86.2%:

Along with the follow equation, the equations set for the wet snow conductivity
calculation is completed.
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6.4 Recommendation for future work
It is important to better predict the building energy consumption for green roof buildings.
This experiment provided a method to estimate the snow conductivity while calculating the
heating loads. The experimental results also quantify the reduction of heat loss of green buildings
during the winter, with and without snow layer conditions. Future research on green roof
buildings is recommended to validate the equation sets for wet snow conductivity calculation, to
provide more accurate equations based on these developed here.
In addition, due to lack of enough snow precipitation during the experimental period, this
thesis research explored the heat loss under snow conditions with one-week data sets. More
energy data for the green roof buildings with snow layers is suggested to be observed in future.
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