











Figure 3: Map of study area showing GSU green roof potential
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Figure 4: Detail of the three city blocks chosen for this study

Figure 5: The1m x3 m board with a “‘curb-like’ arrier around the edgeuénd one outlet
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Figure 8: Model construction of the Recreation Center and Parking decks S, N, and K; this block
is closest to the outlet
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Figure 9: Buildings in place on the board before being lifted onto the table, the board slopes
down towards the right

g J !t', S « : o -
Figure 10: Handmade table with a screen stretched across the top, the model will be placed on
the board below the screen
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Experiment Design

The 3-D table-top model was used to measure runoff rates for different size storm events
under different rooftop cover scenarios in the study site. A hose with a spray nozzle of known
discharge was used to simulate various intensities of a 5 minute rainstorm event (approximately
0.251n, 0.5 in, and 0.75 in depth). All runoff flowed out of a single outlet and was collected by a
bucket marked with one quart increments; the depth was estimated each minute to 0.1 quart.
Three rain gauges were placed inside the model so that precipitation intensities could be
measured accurately. Each rain gauge and the runoff receptacle were measured and recorded at
one minute intervals, (which was the smallest manageable temporal resolution for a 4-person
team). Because all of the water was captured and measured, the model represented a closed
system.

First, three tests were conducted for the impermeable roofs (no vegetation) under the
three different rainfall intensities, each of which was run three times for quality assurance.
Discharge volume, lag time, and duration measurements were recorded and averaged for each
event to establish the control. Next, roofs deemed as excellent (model) candidates (due to their
smaller sizes and more simplistic shapes which made them easier to work with, and
corresponded to roughly one-third of the horizontal extent of the combined rooftops) were
vegetated with a thin layer (about 1/2 inch) of soil and alfalfa sprouts. The soil used in the model
has a course, sandy texture and is the same as that used on actual vegetated rooftops. Itisa
special blend designed for extensive green roofs and is composed of 80% stalite expanded slate
(coarse) and 20% compost (worm castings). The sandy texture allows for high permeability but
does not retain moisture very long due to its low suction capacity, and thus is ideal for rooftop

vegetation. The alfalfa seeds were evenly dispersed across the top of the soil and given a small
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amount of water. The sprouts reached maturity in 5-6 days and were then ready to be used in the
model (Figures 11-16). Runoff rates were measured again for the same three precipitation
intensities. Finally, roofs deemed as good or possible (model) candidates, (due to their larger
sizes and more complex shapes which made them harder to move and thus work with) were also
vegetated and runoff measurements were again recorded for all storm sizes. About 2/3 of the
roofs were vegetated for this last round of testing (Figure 17). Therefore, a total of fifteen tests

were conducted.

Figure 11: Model being tested with 1/3 of the rooftops vegetated
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Figure 13: Testing the small rain even'EWTfH 1/3 of the rooftops vegetated
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Figure 15: This imae was taken during the last minute of testng the small rain event with 1/3 of
the rooftops vegetated



Figure 16: Detail ima_ge of runoff flowing into the bucket marked in one quart increments

Figure 17 Image shong 2/3 of the rooftops vegetated
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Model hydrographs were created from the discharge data for each model run, focusing, in
particular, on the peak discharge, lag time, and runoff duration. Using these data, estimates can
be made as to how much storm water runoff may be reduced by green roofs in the study domain,
as well as what percentage of the total rooftops need to be vegetated in order to have a significant

impact on urban stream hydrology.



CHAPTER 3

RESULTS

Control
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In order to establish baseline conditions, the control tests (those without vegetation) were

run three times for each storm event. The results of each were averaged and are presented in

Tables 1-6 and Figures 18-23. The tables provide the exact rainfall and runoff depths as well as

their rate per minute. The hydrographs show graphic trends of the three variables of interest.

Table 1: Small rainfall event for the control conditions (averaged from three gauges)

Time (Min.) Depth (Inches) Rate/Min

0 0 0

1 0.01 0.01
2 0.05 0.04
3 0.11 0.06
4 0.16 0.05
5 0.19 0.03
6 0.19 0

Table 2: Small rainfall event runoff for the control conditions, no vegetation (averaged from

three tests)

Time (Min.) Depth (Quarts) Rate/Min
0 0 0
1 0 0
2 0.25 0.25
3 0.75 0.5
4 1.5 0.75
5 2.75 1.25
6 3.95 1.2
7 4.4 0.45
8 4.75 0.35
9 4.9 0.15
10 5 0.1
11 5 0
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One-third Vegetation
After completing the control tests, approximately one-third of the roof tops were covered
with soil and alfalfa seeds. The seeds fully germinated within 5-6 days and the tests were run
again. Each storm event was tested only once due to the time it takes for the antecedent moisture
to dry (at least one full day was allowed in between tests). The results of these tests are

displayed in Tables 7-12 and Figures 24-29.

Table 7: Small rainfall event with 1/3 of the rooftops vegetated (averaged from three gauges)

Time (Min) Depth (Inches) Rate/Min

0 0 0

1 0.01 0.01
2 0.04 0.03
3 0.09 0.05
4 0.16 0.07
5 0.19 0.03
6 0.19 0

Table 8: Small rainfall event runoff with 1/3 of the rooftops vegetated
Time (Min) Depth (Quarts) Rate/Min

0 0 0

1 0 0

2 0.25 0.25
3 0.5 0.25
4 0.8 0.3
5 1.4 0.6
6 2.1 0.7
7 2.9 0.8
8 3.2 0.3
9 3.3 0.1
10 3.3 0




1/3 Veg: Small Rainfall Event

0.08

0.07
\

0.06

0.05
\

0.04
A\

0.03

Rate/Min, Inches

0.02

0.01

0 T T T T T
0 1 2 3 4 5

Time in Minutes

Figure 24: Small rainfall event rate/minute in inches with 1/3 of rooftops vegetated
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Figure 25: Small event runoff rate/minute in quarts with 1/3 of the rooftops vegetated
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Table 9: Medium rainfall event with 1/3 of the rooftops vegetated (averaged from three gauges)

Time (Min) Depth (Inches) Rate/Min

0 0 0

1 0.11 0.11
2 0.25 0.14
3 0.4 0.15
4 0.55 0.15
5 0.65 0.1
6 0.65 0




Table 10: Medium event runoff with 1/3 of the rooftops vegetated

Time (Min) Depth (Quarts) Rate/Min
0 0 0
1 0 0
2 0.3 0.3
3 1.1 0.8
4 2 0.9
5 3.2 1.2
6 4.8 1.4
7 5.5 0.7
8 6 0.5
9 6.4 0.4
10 6.8 0.4
11 6.85 0.05
12 6.85 0

Rate/Min, Inches

1/3 Veg: Medium Rainfall Event
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Figure 26: Medium rainfall event rate/minute in inches with 1/3 of the rooftops vegetated
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1/3 Veg: Medium Event Runoff
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Figure 27: Medium event runoff rate/minute in quarts with 1/3 of the rooftops vegetated

Table 11: Large rainfall event with 1/3 of the rooftops vegetated (average from three gauges)

Time (Min) Depth (Inches) Rate/Min

0 0 0

1 0.15 0.15
2 0.35 0.2
3 0.55 0.2
4 0.72 0.17
5 0.85 0.13
6 0.85 0

Table 12: Large rainfall event runoff with 1/3 of the rooftops vegetated
Time (Min) Depth (Quarts) Rate/Min

0 0 0

1 0.8 0.8
2 4 3.2
3 7.5 3.5
4 11.3 3.8
5 16.5 5.2
6 19.1 3.1
7 19.5 0.4
8 19.6 0.1
9 19.7 0.1
10 19.8 0.1
11 19.9 0.1
12 19.95 0.05
13 20 0.05

14 20 0
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Figure 28: Large rainfall event rate/minute in inches with 1/3 of the rooftops vegetated
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Figure 29: Large event runoff rate/minute in quarts with 1/3 of the rooftops vegetated
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Two-thirds Vegetation
The final round of testing was done with approximately two-thirds of the rooftops
vegetated. The results from these tests are displayed in Tables 13-18 and Figures 30-35.
Synthesis of these results and details regarding differences in experimental runoff response are

given in the following section.

Table 13: Small rainfall event with 2/3 of the rooftops vegetated (averaged from three gauges)

Time (Min) Depth (Inches) Rate/Min
0 0 0
1 0.04 0.04
2 0.08 0.04
3 0.13 0.05
4 0.17 0.04
5 0.2 0.03
6 0.2 0
Table 14: Small event runoff with 2/3 of the rooftops vegetated
Time (Min) Depth (Quarts) Rate/Min
0 0 0
1 0 0
2 0 0
3 0.25 0.25
4 0.6 0.35
5 1 0.4
6 1.5 0.5
7 2.2 0.7
8 2.35 0.15
9 2.4 0.05
10 2.45 0.05
11 2.5 0.05
12 2.5 0




2/3 Veg: Small Rainfall Event
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Figure 30: Small rainfall event rate/minute in inches with 2/3 of the rooftops vegetated
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Figure 31: Small event runoff rate/minute in quarts with 2/3 of the rooftops vegetated
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Table 15: Medium rainfall event with 2/3 of the rooftops vegetated (average from three gauges)

Time (Min) Depth (Inches) Rate/Min

0 0 0

1 0.09 0.09
2 0.21 0.12
3 0.35 0.14
4 0.5 0.15
5 0.62 0.12
6 0.62 0




Table 16: Medium event runoff with 2/3 of the rooftops vegetated

Time (Min) Depth (Quarts) Rate/Min
0 0 0
1 0 0
2 0.1 0.1
3 0.8 0.7
4 1.7 0.9
5 2.7 1
6 3.8 1.1
7 5.0 1.2
8 5.25 0.25
9 5.3 0.05
10 5.34 0.04
11 5.37 0.03
12 5.4 0.03
13 5.4 0
2/3 Veg: Medium Rainfall Event
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Figure 32: Medium rainfall event rate/minute in inches with 2/3 of the rooftops vegetated
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Figure 33: Medium event runoff rate/minute in quarts with 2/3 of the rooftops vegetated

Table 17: Large rainfall event with 2/3 of the rooftops vegetated (average from three gauges)

Time (Min) Depth (Inches) Rate/Min

0 0 0

1 0.16 0.16
2 0.35 0.19
3 0.54 0.19
4 0.7 0.16
5 0.84 0.14
6 0.84 0

Table 18: Large event runoff with 2/3 of the rooftops vegetated
Time (Min) Depth (Quarts) Rate/Min

0 0 0

1 0.3 0.3
2 0.8 0.5
3 1.7 0.9
4 3.8 2.1
5 7.0 3.2
6 11.0 4.0
7 15.6 4.6
8 17.6 2.0
9 18.0 0.4
10 18.1 0.1
11 18.2 0.1
12 18.25 0.05
13 18.3 0.05
14 18.35 0.05

15 18.35 0
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Figure 34: Large rainfall event rate/minute in inches with 2/3 of the rooftops vegetated
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Figure 35: Large event runoff rate/minute in quarts with 2/3 of the rooftops vegetated
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CHAPTER 4
ANALYSIS
The variables of interest for this study included 1) the total volume of runoff for each
trial, 2) the lag time between peak rainfall and peak runoff, and 3) the duration of runoff response
time. Table 19 shows the result of each variable of interest for each size storm event under each
rooftop scenario. Figures 36-41 show the rainfall and runoff relationships for each rooftop

scenario under each size storm event.

Table 19: Summary of results for each test

SMALL EVENT | MEDIUM EVENT LARGE EVENT

ctrl | 13 [ 23 [ctrl [ 13 [ 23 | ctrl | 13 | 23
TOTAL 019 | 019 | 0.2 [ 0.63 | 065 | 0.62 | 0.82 | 0.85 | 0.84
RAINFALL

(IN)
TOTALRUNOFF| 5 | 33 | 25 | 8 | 685 | 54 | 209 | 20 |18.35
(QT)
LAG TIME 5 7 7 4 6 7 4 5 7
(MIN)
DURATIONOF | 8 7 9 8 9 10 9 12 | 13
RESPONSE
(MIN)

The hydrographs for the vegetated roofs produced interesting shapes relative to the
control hydrographs. The control hydrographs exhibit steep and steady ascending and
descending limbs for each rain event (Figures 37, 39, and 41), while the vegetated hydrographs
produce a gradual ascending limb and a rapid descending limb, particularly for the small and
medium size rain events (Figures 37 and 39). The shape of the vegetated hydrographs indicates

that most of the water retention occurs at the beginning of the storm which corresponds with the
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soil reaching field capacity, or saturation, after which, the roof begins to shed the water similar to
a conventional roof. The rapidly descending limbs of the hydrographs representing vegetation
may suggest that a large percentage of the water is being held, and thus there is a rapid decline in

the runoff rate.

Small Rainfall Events
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Figure 36: Rainfall rates for each rooftop scenario during the small size storm event
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Figure 37: Hydrographs for each rooftop scenario during a small size rainfall event
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Figure 38: Rainfall rates for each rooftop scenario during the medium size storm event
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Figure 39: Hydrographs for each rooftop scenario during a medium size rainfall event
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Large Rainfall Event
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Figure 40: Rainfall rates for each rooftop scenario during the large size storm event
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Figure 41: Hydrographs for each rooftop scenario during a large size storm event

These results revealed that as vegetation increased, peak runoff volume decreased, the lag

time increased, and in all but one case (the smallest precipitation, 1/3 vegetated model run) the
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duration of response time also increased. During the small rainfall event, the peak runoff volume
decreased by 34% (from 5qt to 3.3qt) with 1/3 of the roofs vegetated and decreased by 50%
(from 5qt to 2.5qt) with 2/3 of the roofs vegetated (Table 19). During the medium rainfall event,
the peak runoff volume decreased by 14% and 32% for 1/3 and 2/3 of the roofs vegetated,
respectively. During the large rainfall event, the peak runoff volume decreased by 4% and 12%
for 1/3 and 2/3 of the roofs vegetated, respectively (Table 19). Therefore, the greatest reduction
in total runoff volume occurred during the smallest size storm event, which was consistent with
expectations because as storm intensity increases the soil on the roofs became saturated, thereby
reducing water retention capacity and resulting in runoff. Thus, there is an inverse relationship
between the depth of rainfall and the percent of stormwater retained. Furthermore, for each
storm size event, the maximum amount of water retained was approximately 2.5 gt (with 2/3 of
the rooftops vegetated), which apparently represents the field capacity of the model. Figure 42
gives the percent reduction in runoff volume for the vegetated rooftop runs relative to the control

runs.



45

Total Runoff
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Figure 42: Total runoff for each storm event and rooftop condition with the corresponding
percent reduction from the control

The lag time, or time between peak rainfall and peak runoff volume, increased or stayed
the same for each storm size as the amount of vegetation increased (Figure 43). The increase in
lag time was most substantial for the 2/3 vegetated rooftop runs, extending the total time up to 3
minutes (medium and large events). This result was expected because as the percentage of
permeable surface increases the lag time should also increase as a portion of the water is held and

thus slows the time it takes for the peak runoff to reach the outlet.
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Lag Time
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Figure 43: Lag times for each storm event and rooftop condition, the lag time is equal to the time
of peak runoff

The duration of response time increased for most of the trials as vegetation was
introduced to the model (Figure 44). The only instance where the duration time decreased from
the control run was during the small rainfall event with 1/3 of the rooftops vegetated. In this
case, the duration time actually decreased by one minute, however, for the small event with 2/3
of the rooftops vegetated, the duration time increased from the control by one minute. This
inconsistency could be due to the fact that measurements were only recorded at one minute
intervals, giving coarse temporal resolution, or it may have been due to human error. It was
expected that durations of response would increase with an increase in vegetation because some
of the water was being held by the soil and any excess water did not begin to drain until the soil
reached field capacity.

In addition, the spatial pattern of vegetation may have influenced the duration of response

times. For the trials with 1/3 of the rooftops vegetated, the vegetation was dispersed relatively



47

evenly between all three city blocks, so that each had a combination of surfaces. For the trials
with 2/3 of the rooftops vegetated, only the city block farthest from the outlet was left with an
impervious rooftop, thus potentially slowing the time it took for the building runoff to reach the
outlet. This could indicate that it may be more beneficial to vegetate roofs closer to streams
because it would slow and reduce the initial amount of runoff entering the receiving water body.

However, this hypothesis was not specifically tested during the experiments and is therefore

speculative.
Duration of Response
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Figure 44: Duration of response for each storm event and rooftop condition, these times represent
the significant response time and do not reflect the total duration of the event

There were several complications involved with this study that must be addressed,
including the following: (1) the scaling down of the study domain, vegetation, and storm events
produced unavoidable inconsistencies, (2) the consistency of rainfall for each rooftop scenario
was difficult to control, (3) the runoff collected quickly, making accurate readings difficult at a

precision finer than 0.1 quarts, and (4) the structural integrity of the rooftops became
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compromised towards the end of the experiments due to their being repeatedly saturated.
Additionally, because the model was so large in size and required many tasks to be completed at
one time, several people were needed to carry out each experiment, which may have affected
measurement consistency. These and other complications are discussed below.

First, the study domain and buildings were modeled at a 1:160 scale and the model
rooftops allowed for ¥z inch of soil depth, which corresponds to 6.66 ft of soil in the real world.
The average real-world green roof only has a depth of 2-10 inches, therefore the vertical
thickness of the soil did not scale down perfectly, but it was necessary to provide at least ¥ inch
of soil so that the alfalfa sprouts could grow and take root. Similarly, the rainfall depths had to
be scaled vertically to the soil/vegetation depth, for my model, this gives ratios of 0.5:1, 1:1, and
1.5:1 (rain depth : soil/vegetation depth). This ratio allows one to calculate exactly what real
world rainfall intensities per five minutes | have modeled. For example, if a real green roof has a
soil depth of 3 inches, using the above ratios the equivalent rainfall depths I tested are 1.5 in, 3
in, and 4.5 in over a five minute period. In the real world these would all be severe precipitation
events, however, due to a minimum depth required to grow the sprouts, the vertical scaling could
not match the horizontal scaling. Second, although measures were taken to control the amount of
“rainfall” for each event, exact consistency was nearly impossible to achieve using the set-up
described above. Therefore, the amount of rainfall for each event under the various rooftop
scenarios was only approximately the same as the others. Third, while it would have been ideal
to collect the runoff in a graduated cylinder marked in milliliters, the runoff overflowed the
containers too rapidly, making them impossible to use accurately. Also, the size of the outlet on
the model was too large for the size of the graduated cylinders and would have required

retrofitting; therefore the 14 quart bucket was used marked in 1 gt increments. Fourth, because
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the model buildings were constructed using one inch thick glossy foam board, they eventually
started to break down. The siding on some of the rooftops had to be replaced, and mold began to
grow in places. Despite some structural degradation, the model buildings were able to survive
the duration of the experiments without having to be reconstructed from scratch. However, the
original experiment design intended to do a final round of testing with 100 percent of the
rooftops vegetated, but due to the partial dilapidation of the structures the final round of tests
could not be conducted. Foam board was not the ideal choice for the structures, but due to
feasibility issues such as cost and ease of construction, it was the most practical choice. Finally,
the experiment was complicated by the need for volunteers to assist with the data collection
process. Collection was both delayed and potentially slightly inconsistent due to a number of
different people reading and recording measurements. However, multiple model runs were
completed for the controls to confidently establish base line conditions. Time limits precluded
conducting multiple runs for vegetated roofs because the soil was given a full day to dry out to
ensure that antecedent moisture would not interfere with consecutive test runs.

Despite the above mentioned complications, the model proved to be successful at
representing conditions found in the real world. Additionally, there was some initial concern that
the table-top model would not be able to accurately predict the effects of a real green roof due to
their highly technical engineering. However, the main components of a green roof that aid storm
water management are the soil and the vegetation, thus the model contained both and was able to
work as predicted. Green roofs in the real world have several additional layers for drainage, root
barrier, and water sealant that were not a part of this model, however, that did not seem to hinder

the results of this study.
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CHAPTER 5
CONCLUSIONS

The results of this study revealed that vegetated roofs have the potential to aid in
stormwater management in a high-density urban environment. Increased vegetation cover was
shown to reduce peak runoff volumes, increase the lag time between peak rainfall and peak
runoff, and increase the duration of runoff response. The results indicated that the largest
benefits are found during relatively small (but statistically frequent) precipitation events. In
addition, the results were more significant when there was a greater percentage of overall
vegetation cover.

The metro Atlanta area receives a relatively high annual precipitation of about 48 inches a
year, most of which falls as relatively small events (Robbins, 2003). However, the city
experiences frequent flooding along urban streams due to large expanses of impervious surfaces
as well as aging infrastructure that is designed to combine stormwater runoff with industrial and
domestic waste water leading to combined sewer overflows during periods of heavy rainfall
(Phillips and Chalmers, 2009). Frequent flooding not only causes problems for property owners,
but also leads to disturbances in hydrological, chemical, geomorphic, and ecological natural
cycles that occur in streams (Paul and Meyer, 2001). Urban streams tend to have lowered base-
flow conditions and flood more frequently than rural streams of the same size under similar
conditions (Yin, 1993). The altered hydrologic pattern and increased runoff causes urban
streams to have high concentrations of pollutants, especially during times of low flow when there
is not enough water to dilute them, but also during rain events when surface water is rapidly
delivered to streams carrying high concentrations of non-point source pollution such as oil,

pesticides, and fertilizers (Paul and Meyer, 2001). Lower base-flow conditions combined with



o1

frequent flooding alter a stream’s geomorphic pattern by causing increased erosion and incision
which forces the stream out of a dynamic equilibrium (Bledsoe and Watson, 2001; Nelson, et al.
2006). As hydrologic and geomorphic conditions change, the biologic composition of the stream
also changes as sensitive species are replaced by more tolerant species, which leads to a loss of
overall species diversity and degradation of stream ecological health (Booth, et al. 2002; Booth,
et al. 2004). In order to address these issues, urban stream restoration and planning should be
considered at the watershed scale with an emphasis on the percentages of pervious versus
impervious surface cover (Ladson, 2004; Wohl, et al. 2005; Bernhardt and Palmer, 2007).

Urban vegetation moderates stormwater runoff and baseflow, underscoring the need to
plan and manage urban vegetation (Sanders, 1983). Urban open spaces, all areas that do not
contain buildings and impervious surfaces, apparently exert an important influence on the pattern
of rainfall-runoff in a city. For example, urban trees in the southeastern U.S. may curtail
potential runoff by about 9.6% (Sanders, 1983). Increasing urban development at the expense of
open spaces produces long-term costs associated with storm water management. Increasing the
amount of vegetation and open spaces in an urban center has the potential to reduce peak runoff
flows substantially while at the same time help to reduce the rate of potentially damaging soil
erosion (Sanders, 1983).

A great way to bring much needed green space back to urban centers is through vegetated
roofs because space is often highly limited as much of the land is already in use; thus it is
imperative to look for new ways to use space for multiple purposes. Although green roofs are
not a new concept in other parts of the world, such as Germany and other European countries,
they offer promising improvements in the United States for providing a sustainably built human

environment (Berndtsson, et al. 2005; Van Woert, et al. 2005; Carter and Rasmussen, 2006).
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