





Figure 10: Native grass and sedum daily residual sensible heat flux (H) (MJ m-
2 d'l).

Figure 11: Native grass and sedum daily SH/(Rn-Gstc) and « LET/(Rn-Ggye).

Lundholm et al. (2010) tested their green roof configuration for radiant, energy,

and mass fluxes, they concluded that albedo played a greater role in reducing heat flux
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than ET. However, ET was measured only four times during the growing season and only

ET rates from the first 48hrs after irrigation were considered. Theodosiou (2003)
simulated the thermal behavior for a building with a green roof and found that foliage
density was the most influential parameter for vegetation choice, as indicated by their
simulation of green roofs, due to its effect on transpiration and shade. The findings of
these papers (Theodosiou, (2003), Jim and He (2010), and Lundholm et al., (2010))
indicate that plant physiology greatly impacts interactions with both the atmosphere and
green roof medium. Conclusions regarding plant physiology impacting energy flux
distribution coincide with observations from this study. The native grass area has a more
developed root structure and canopy allowing it to divert more energy into LET rather
than H. Sedum on the other hand had a developed root structure but the canopy cover was
lacking and allowed more radiation to impact the surface so that more received energy
was partitioned into H than LET.

Due to areas of concrete, building materials, and forced convection on the 8™
floor roof of the parking garage (Fig.1), H was, at times, advected over the cooler
vegetated surfaces, and thus provided energy in addition to Rn-Gst.. The native grass area
in the current study experienced more than twice the number of days with net sensible
heat advection (negative native grass residual H values on the horizontal axis in Fig. 10)
than did the sedum (negative sedum residual H values on the vertical axis in Fig. 10). The
total sensible heat advection over the course of the experiment for the sedum was 9.8 MJ
m-2 d! while that for the native grass was 21.9 MJ m d, over twice that of the sedum
area. However, the average magnitude of the sensible heat advection was similar for both

areas (-1.6 MJ m? d). Ayata et al. (2011) investigated sensible heat fluxes for an
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intensive green roof located in a controlled laboratory setting. In their investigation they

recorded instances of sensible heat advection but only when forced convection was

present.



31
CHAPTER 4: CONCLUSIONS

Urban development is expected to expand with increasing population. Common
construction techniques and materials used for urban expansion disrupt the natural energy
balance to create an Urban Heat Island (UHI). Surface modification to reduce solar
radiation absorption and thermal conductance into and by buildings has become a focal
point of many UHI studies and strategies. Among these surface modification methods is
green roof technology, a system which mimics functions of natural surfaces to prevent
heat retention in urban environments. European construction has used green roof
technology for many years, the adoption of green roofs in the U.S.is more recent. Climate
conditions in the U.S. often provide unique conditions to those found in Europe. For
example the U.S. is dominated by humid continental, humid subtropical, cold semi-arid,
and cold desert climates. Europe, on the other hand, experiences cool oceanic, humid
continental, and a mixture of warm and temperate Mediterranean climates. Interest in
adjustments to green roof structure and plant species to reflect U.S. climates has grown.

Sedum has traditionally served as the “go to” plant for green roofs due to its
“hardy nature,” CAM properties, and shallow rooting habit. From this study, the native
grasses provided a greater evaporative cooling benefit, with more of the available energy
used for LET, while the sedum used more available energy for H. Given this outcome
native grasses and deeper green roof mediums may be more appropriate choices for the
humid continental climate in the Midwestern U.S.

In this study the proximity of building, especially walls adjacent to the green
roof, contributed more than 50% of the upward hemisphere field of view. From the data it

can be conclude that both areas received similar Rn. Daily net SW and LW radiant fluxes
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were also similar for both areas. However, outgoing SW; flux, as well as outgoing LW;

and incoming LW, fluxes for the areas were significantly different. This would be in
contrast to those green roofs that have an unobstructed sky view. Construction materials,
selected plant species, growth medium depth, or building configurations give each green
roof a unique microclimate which can create distinct outcomes.

Like the radiant flux components, the energy balance terms also had a diversified
outcome. Both areas received similar Rn over the course of the experiment. Further,
analysis revealed that both areas also had similar Rn-Gsfc S0 neither area had an energy
advantage over the other even though outgoing SW and incoming and outgoing LW were
significantly different for both areas. Given this outcome, any significant differences in
the balance terms would be the result of differences in the partitioning of available energy
into the latent and sensible components. This said the daily mean LET, H, and Gstc were
significantly different between native grass and sedum. Further, study regarding intra-day
energy balance fluxes would provide better understanding of when, and how, phenomena,
such as sensible heat advection, occur on a green roof.

Several factors influenced the energy partitioning between native grass and sedum
in this study. The medium depth varied across the green roof from 10 cm to 15 cm, with
the sedum in the shallow medium depths. The medium depth defines the water holding
capacity of the study area thus resulting, in this study, in less water for the sedum than for
the native grass. Water shortage can cause less available energy being partitioned into
LET and more into H. When the medium is dry, the green roof would cease providing

evaporative cooling and instead would store heat for release at night. Further, water
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limitation may lead to plant stress, which could reduce plant growth, and, as in the case

of the sedum, contribute to reduced plant cover.

The medium itself also affects the way energy is partitioned on the green roof.
Green roofs have a low thermal conductivity due to the low-density medium used in their
construction. This low density also acts to alleviate weight load concerns. A low thermal
conductivity is a valued trait because it prevents heat flux transmission through the roof
(Del Barrio, 1998 and Rosenzweig et al., 2006). As a result, green roofs conduct heat
poorly, even more so when wet. When water is added, the thermal diffusivity drops
further depressing heat conduction through the medium making the deeper medium of the
native grass area better at preventing heat fluxes through the roof (Rosenzweig et al.,
2006). The average daily Gstc for sedum was twice that of the native grass in this
experiment. Future studies of this nature should include a third soil heat flux plate to
account for a growth medium only area. Further, a three dimensional model of soil heat
flux would be possible if each soil heat flux plate were accompanied by four thermistors
arranged in a rectangle configuration with the soil heat flux plate at the center.

Plant canopy cover alters the albedo of the surface and provides shade to the
growth medium reducing the absorption of solar radiant energy. Higher albedo causes an
overall reduction to absorbed energy making less energy available for heating of the
medium, heating of the air, and ET. Higher albedo may actually be more influential on
the cooling potential of a green roof than LET. On this green roof the native grasses had
higher albedo and lower surface temperatures, in turn reducing H. This allowed the native
grass area to use the available water more for transpiration and less for evaporation.

Given this finding, constructing green roofs using high albedo plants, plants with good
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medium coverage, or switching to white roofs may reduce UHI. More side-by-side

studies of a green roof and white roof carried out in different climates may provide more
insight into which surface provides the best thermal benefits.

The building walls emitted and reflected a higher LW flux than the sedum and
native grass in the lysimeters at midday; on average 72 W m more than sedum and 101
W m2 more than native grass. As a result, the incoming LW was significantly higher in
the sedum area (which is closer to the building) than the native grass area. However,
further study of the LW influence on other green roofs is needed and we can only
conclude that the microclimate on the green roof is a means of characterizing each roof.
The incoming SW| radiant flux was not found to be significantly different between the
native grass and sedum. The direct beam portion of the incident SW radiant flux was
reduced at the beginning and end of each day due to the obstruction of the building on the
east and west sides of the green roof. This reduced the daily total SW radiant flux as
compared to an unobstructed location. Clearly the interaction of the green roof with the
building is a major factor in the microclimate of the green roof and the overall
effectiveness of a green roof.

Long term testing of the load cell was conducted on the green roof, in the
laboratory, and outdoors prior to use in the lysimeters. We found significant temperature
sensitivity including hysteresis. The thermal sensitivity of the load cells led us to avoid
temperature effects by using the lysimeter readings only from the range of 24°C-25°C
based on a thermistor located near the load cells and thus calculate a daily mass flux.

For future research, the following changes to instruments and methodology

should be considered. Lysimetry is a valuable tool for tracking water use. However, using
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materials that are good conductors of heat may bias the readings. Use of a non- or low-

conductive material, that is both rigid and durable enough to maintain structural integrity
under sustained weight, would increase the accuracy of the readings as edge effects are
reduced.

The load cells used in this experiment were chosen because of the precision of the
measurement and the measurement range we expected to encounter. The manufacturer
indicated the load cells were temperature compensated. However, the load cells, when
used in controlled lab situations, still exhibited hysteresis with warming and cooling. The
weight changes caused by hysteresis were large in comparison to the weight changes we
intended to quantify. We included a thermistor in the vicinity of the load cells but the
temperature compensation based on algorithms developed in temperature-controlled
environments did not work in the field. This was apparent when temperature increased
during the day and the weight readings also increased thus overshadowing the weight loss
due to ET. As a result, a daily mass flux was measured rather than a short term average
flux value (e.g. hourly). A load cell with higher precision than the one used in this study
is needed for the small lysimeters. If temperature compensated, this study would require a
load cell that does not experience significant hysteresis with respect to the precision.
Another possibility is to use an electronic cooling strip under the load cells to keep the
temperature near 25 C.

A useful addition to the instrument package used in this experiment would be a
soil moisture sensor to monitor the volumetric soil moisture content of the growth
medium. The addition of this sensor would allow measurement of intra-day variation of

medium moisture providing insight into evaporation rates for green roof medium, which
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when paired with the lysimeter results could provide evaporation rates for the plants.

Further, the pairing would provide data on the efficiency of water use for different plants.
The lysimeters used in this study could only provide daily mass flux on days with no rain
or irrigation so an absolute value of medium water content was not available, thus there
was no means to determine how dry the medium and lysimeter really became.

The depth of the growth medium for the sedum and native grass lysimeters in this
study was different. Although we found native grass to have an advantage in available
water over sedum, the depth of the medium should be the same if we wish to separate the
differences caused by plants from those due to stored water. Additionally, the amount of
plant cover should also represent a mature stand for both native grass and sedum as the
cover effects the Gsic and H as well as the LW and SW fluxes.

The spatial variability of the green roof, different medium depths, proximity and
obstruction of the building, and age of the plants were known when this study was
designed. Green roofs in the Lincoln area are limited, thus restricting experimentation
options. The few that do exist provide a valuable tool for testing the impact of plant
species, growth medium material and depth, and construction set up on radiant, thermal,
and mass fluxes. With this study information regarding the use of native grass and sedum
on Midwestern green roofs and their aforementioned fluxes was gained. Instruments
provided data showing the native grasses had better cooling abilities than the sedum. This

study indicates native species can provide cooling benefits in green roof use.
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APPENDIX 1 - Lysimeter pan, frame, and leveling base side view
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Appendix 2 — Native grass and sedum lysimeter cover pictures continued...

October 8" (DOY 281)



