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Appendix A WCC Rating Curves 

Y = 4.29927947174066E-05*x^2.5 

R
2
= 0.99021756 

Figure A-1 Control roof rating curve 

For 0-16.58x: Y = 4.42990172253179E-05*x^2.5 

R
2
 = 0.99314514 

Figure A-2 Living roof rating curve 
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Appendix B Auckland Botanic Gardens Demonstration 

Projects 

Two living roof demonstration projects were arranged by the ARC for installation at the Auckland 

Botanic Gardens in Manurewa. Both projects are associated with an extension to the Potter’s 

children’s garden, which is centred around an primary school children’s educational facility. One 

living roof was to be installed over the entrance to the garden, and the other is over a new toilet 

block. 

The overall aesthetic generated by plant selection was discussed in detail with Jack Hobbs, director 

of the Auckland Botanic Gardens, and American living roof expert, Ed Snodgrass, during a visit to 

Auckland in September 2009. The entrance roof was designated for significant visual impact, while 

the toilet roof was intended to showcase native plants and complement adjacent native landscaping. 

While not included in the contract scope, specification of the substrate was left to the UoA/Landcare 

Research team, who also played a significant role in installation. 

Additional Pre-construction Preparation 

Results of testing the bulk blended substrate were used to assess implications for structural loading 

according to installed depth (Error! Reference source not found.). The weight at FLL maximum 

water holding capacity (field capacity) confirmed the substrate depth for the roofs should be 

110 mm, given a 150 kg m-2 design loading, and a conservative installation approach advocated by 

Dr. Fassman.  Error! Reference source not found. incorporates 6.06 kg m-2 for the weight of the 

specific drainage mat with bonded filter cloth used, installed “cups up” (to enhance moisture 

storage) and full of water. The dry weight of the drainage mat with bonded filter cloth was 

confirmed at 1.50 kg m-2. 

The substrate as delivered had a high moisture content, presumably from the pumice, as this 

material was stored in an uncovered stockpile. While this avoided dust during construction, it also 

made the substrate heavier to transport, more compactable and appeared to cause some 

degradation of the bark fines (forming a coat covering the pumice grains, Error! Reference source 

not found.), although the PSD was similar in both laboratory and field mixes. To avoid excessive 

compaction, the substrate was applied as a single 110 mm deep layer on both roofs. It would be 

preferable to work with a drier substrate, as referred to in the FLL guideline, however FLL does not 

specify a target or maximum moisture content.1 

Prior to construction a stainless steel “L” edging was placed on the roofs, with care taken during 

placement to avoid the bevelled edges cutting into the underlying waterproofing membrane. The 

120 x 100 mm and 100 x 100 mm lower edging are fully perforated; other edges are not perforated 

to reduce cost. The L edging rests against colour steel capping that covers and protects the 

membrane from exposure to the sun where the membrane rises over battens to form a frame. The 

edging is not secured to the roof itself, but held down by gravel and its own weight. The toilet block 

had no upper “L” edging (Error! Reference source not found.). Irrigation was installed prior to 

placement of the drainage layer and substrate. This enabled joins and inlets to the roofs to be clearly 

identified and easily accessible by surrounding these areas with gravel and avoided damage or 

disturbance to plants. The irrigation is conventional above-ground jets. 

                                                           
1 The same substrate was much easier to spread when dried by the supplier prior to delivery for construction of a roof on a private garage.  
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Figure 1. Edging on the toilet block living roof 
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Figure 2. Extract from construction plan for Auckland Botanic Gardens children garden toilets (Adams De La Mere Architects and Landscape Architects March 2010). The as built design differs 

slightly 
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Potter’s Children Garden Entrance Living Roof Installation  

The smaller entrance roof was constructed first (Figure 3). This rectangular, gently-sloping roof has 
12.9 m2 of living roof (7.0 x 1.85 m, including pebble edging). Aesthetically, a “funky”, somewhat 
outrageous, look was desired to draw the attention of children. Non-native succulents with striking 
leaf forms and bright pink and yellow flowers dominated the planting: Echeveria splendens, Senecio 
serpens, Aloe humilis.and Lampranthus (iceplant). Bromeliads and African sunstar (Ornithogalum 
dubium , a perennial summer-dormant bulb) added further texture and seasonal colour. The slope of 
the roof towards the road, and proximity of viewing platforms made from large, flat boulders mean 

the roof is readily visible from the road and within the Children’s Garden Figure 3. 

 

 
Figure 3 Entrance before living roof installation (July) and in November 2010 at the opening of the Potter’s 

Children’s Garden extension.  The senecios are blue, sun stars have yellow flowers and iceplant pink flowers 

Retaining edges, waterproof membrane, gutters, decorative rain chain (in lieu of closed down-pipe) 

and irrigation were already in place when the UoA/Landcare Research team arrived. The Botanic 

Gardens crew were well prepared, ready with all of the materials requested by the team ahead of 

time. The irrigation tubing (Figure 4) was lifted out of the way to avoid a tripping hazard and drainage 

mat laid. 
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Figure 4 Irrigation System 

Drainage mat cutting and overlapping took about two hours with four people (two on the roof 

measuring and overlapping and two on the ground cutting) (Figure 5) The drainage mat used was 

relatively slow and difficult to work with due to the following features: 

Defects meant some areas had to be cut to waste, however calculations for the area required 

had allowed for 10% cut to waste/ overlaps so enough drainage mat was available. Defects 

included punctures through the drainage deck on the outside of each roll about 2 m from the 

end. These punctures were also observed with drainage mat used on the Tamaki mini-roofs 

and probably occur during handling/ transportation. Defects included rare cuts and more 

frequent thin (i.e. weak) areas in the filter cloth. The most serious defects were rolled or 

crimped plastic along edges which had to be trimmed off before use to achieve drainage 

board overlaps. 

Uneven/irregular shaped cups and the shape of the cups meant it was very difficult to overlap 

the sheets—they popped out unless held down with bags of stones. There was no plastic 

overlap zone without cups, a feature of other products that speeds laying. The rounded base 

of the cups and slightly flexible plastic minimised the potential for sharp edges and rubbing 

against cut surfaces – the product was relatively easy to cut with a Stanley knife. 

Excess glue (securing filter cloth to cups) in several places made it difficult to peel back filter cloth 

for overlapping of some sections, however, as the geotextile was nominally 200 mm wider 

than the drainage core, in most cases it was easy to achieve 100 mm overlaps with adjacent 

sheets. 

The 1100 mm (nominal) core width meant laying was slower than with 1.5 or 2 m wide sheets. 

The drainage mat was rolled out on a clean surface on the ground to allow inspection of the mat, 

marking and rejection of defect areas, and cutting. This avoided potential damage to the membrane 

associated with cutting on the roof itself. The mat was laid cups up in strips across the width of the 

roof to avoid wasting drainage mat. If an easy mechanism/design for overlapping was a feature of 

the mat, just two strips of mat would have been laid, saving time. However, defects that caused 

variation in cup sizes made long strips almost impossible to secure into place. 
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Figure 5 Drainage mat laid – note filter cloth overlap; temporary edging (wooden frame to hold gravel in place 

before substrate is spread), bags of stones keeping joins in drainage mat in place and that the drainage mat 

extends under the edge zone on which stones were placed 

 

Temporary retaining boards were placed inside the permanent aluminium edge and around the 

entire perimeter to allow a strip of drainage gravel to be placed around the edge prior to substrate 

installation (Figure 5) The 15–20 mm diameter washed gravels were placed into the strip using 

buckets loaded from the small bags lifted using a cherry picker. The “washed” gravel had a small fines 

component that would have been better to be removed before installation.  River gravels were used 

instead of the specified pumice, which would have required installation within a confining fabric or 

netting material to reduce the potential for it to move. The edging is 100 mm wide on three sides 

(15.85 linear m) and 200 mm wide on the lower edge (1.85 linear m). 

The cherry-picker was a reasonably effective method of transporting materials to the roof but the 

high sides of the ‘cage’ meant material was physically demanding to shift, and the small cage area 

meant not many bags could be lifted at a time. However that wasn’t a limiting factor given the small 

volumes of material transported. The cherry picker was probably more dangerous to operate and 

unload than a scissor lift. Substrate was scooped into sacks at ground level, sacks loaded into the 

cherry picker and onto the roof four or five at a time (Figure 7). This process meant sacks could be 

distributed across the roof without creating a central ‘pile’ that needs to be deliberately avoided 

when using a crane or hiab to maintain optimum roof loading. It also reduced potential for 

compaction as the full depth of substrate was placed at once. 

The most efficient method of spreading substrate on the roof would have been similar to the method 

used on the Waitakere and University roofs; given the height of the roofs, a truck with hi-ab could 
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have suspended the 1 m3 bags over the roofs and unloaded while controlling the aperture at the 

base of the bag.  Most of the substrate could then have been spread in less than an hour. However 

the soft, uneven ground and large poles that stuck out of the roofs prevented this approach. 

  

Figure 6 Loading of substrate into fertiliser sacks; and into the cherry picker 

To create a narrow, near vertical gravel edge (just 100 mm at the sides and 200 mm on the gutter 

end) the retaining edge had to be pushed against the gravels and held in place (Figure 7). Substrate 

placed against the gravels was tamped down by hand at about 100 mm depth and the finished media 

depth across the roof checked using bamboo stakes marked at 110 mm. Two mounds and hollows 

were then created, 80 to 120 mm deep, to create variety of water holding capacity and elevation. 

The finished substrate had a mean depth of 100 mm, using 1.06 m3 of substrate. 

  

Figure 7 Installing substrate from edging inwards and upslope (left). An alternative method of spreading 

substrate straight from the truck (private garage with the same substrate) (right) 

 

The plants were watered but not soaked before planting. A high plant density and some relatively 

large plants (up to 200 mm diameter and 250 mm height) were used to achieve an ‘instant’ visual 

impact (Figure 8). The majority of the plants were de-potted on a tarpaulin on the ground and the 

surface layer of potting mix (with any weed seedlings) and all dead leaves removed. Slugs, a slug egg, 

spider egg masses and cockroaches were seen under the trays on the ground, and germinating 

weeds. Some taller plants (Senecio and upright Lampranthus) were pruned to increase their 

resistance to wind. As all pots were shorter than the substrate depth (100 mm) plants did not need 

any roots removed and there was minimal root disturbance helping to reduce transplanting stress. 

Conditions were cool and overcast with an occasional shower. Plant preparation and planting took 

three people about 2.5 h and was relatively slow given the high density of planting (Figure 8). As each 
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section of the roof was planted, the retaining boards were carefully removed and loosened substrate 

tamped down. 

  

  

Figure 8 Planting the roof, temporary wood edging in foreground was left in place until planting each adjacent 

section was complete 
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Toilet Block Living Roof Installation  

The living roof on the Potter’s children’s garden toilet block (Figure 9) is 9.05 m (width) x 3.30 m (from 

ridgeline to front retaining edge), or 29.9 m2 total area, with a designed slope of 15°. This slope is the 

maximum recommended by the research team for installation without structural battens or other 

secured erosion control to ensure substrate stability. The roof was designed for a maximum load of 

150 kg·m-2, using the structural loading guide in TR 2010/017 (Fassman et al., 2010) and 

demonstrates the use of native plants in keeping with surrounding native plantings. 

 

 

Figure 9 Toilet block before living roof installation, with membrane and temporary plastic downpipe in place 

 

The same retaining edge, waterproof membrane, guttering and rain chain as on the entrance roof 

were in place when the UoA/Landcare team arrived. The drainage mat was placed on the same day 

as the full installation of the entrance living roof (Figure 10), but because of the amount of time 

required to lay the mat, substrate and plants were not installed until a week later (Figure 11). The 

shape of the roof, namely the V at the bottom, made installing the drainage mat very slow. It took 

three people about four hours to install the mat. 

To save cutting and potential shifting of drainage mat, it was decided to lay fewer, longer strips 

across the width, as opposed to many short strips from bottom slope to ridge line; however, this 
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created many problems, due primarily to the irregular cup shapes. The significant force required to 

push cups into place caused previously connected parts of the mat to come apart. Although working 

from the bottom to top, the mat also tended to slip downwards because the mat was laid parallel to 

the roof edge, rather than slanted along the bottom V. To keep the overlapped edges together, a bag 

of edge stones was placed on the overlap as soon as sections were fit together. The V at the bottom 

required several small pieces of the mat to be fitted together. 

  

 

Figure 10 Fiddly work placing the drainage mat along the bottom V. Seventeen 20 l bags of stones (later used for 

gravel edging) were placed over joint areas to hold mat in place until substrate was installed 

 

Figure 11 Drainage mat successfully held in place for one week with gravel bags. Fortunately there was little 

wind over the period. The cherry picker allowed reaching over a wetland swale to all parts of the roof 

 

Substrate was placed from the bottom up (Figure 12 and Figure 13). Coir “logs” made from 700–

900 mm wide and 2.4 m long strips of 300 g m-2 erosion control blanket reinforced with a propylene 
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mesh were created and installed to promote substrate stability on the 15° roof slope. Each log was 

about 300 mm wide, 110 mm deep and 2 m long and filled with firmly-tamped down substrate. In 

addition, several 2 m long filter tubes, normally used for stormwater inlet protection, were filled with 

substrate and randomly placed on the roof as “slope breaks”.  The coir logs were not secured to 

edges; secure battens or other retaining structures are strongly advised for slopes greater than 15–

20°, according to industry-related information. 

 

   

Figure 12 Coir logs were used to promote slope stability and provide an additional filter between the substrate 

and gravel edging along the lower edge of the living roof. Substrate must be installed in sections, each section 

tamped into place by stomping, working from the base of the slope upwards 

  

Figure 13 Substrate must be installed working from the base of the slope. a clear access point was maintained 

initially.  each section was separated by a coir log and tamped into place. At the base of the slope the fully 

perforated retaining edge was separated from substrate by a 200 mm wide gravel edge and single layer of coir 

matting 

 

Substrate was spread by hand (Figure 14). Half-filled sacks were easily moved around on the sloped 

roof by a single person, and simply tipped where required to full depth of 110 mm. Substrate was 

compacted by stomping. Compaction would not be recommended on a flatter roof; however, 

noticeable slipping of uncompacted substrate while working across the roof raised concern over the 

potential for substrate downhill migration; stomping created a resilient surface. The finished 

substrate depth was 100 to 110 mm, checked before planting by probing at 300–400 mm spacing 

with bamboo poles marked at 110 mm depth. Spreading substrate and gravels took approximately 
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five people three hours, with two people on the ground filling sacks, one person in the cherry picker 

and two people on the roof. 

  

Figure 14 Substrate spread in sections, and compacted by stomping into place 

 

Gravel was placed against the retaining edge using the same technique as the entrance roof, with the 

exception that gravel could only be placed in sections moving upwards as substrate was placed to 

secure the retaining edges. A 100 mm strip of gravel was placed along the ridge to clearly indicate 

the location of the irrigation system (Figure 15). As the irrigation system was cemented to the roof in 

isolated locations, the drainage mat couldn’t be squeezed underneath it. To prevent substrate 

migrating underneath the drainage mat from the top end of the slope, filter cloth was laid over the 

edge of the drainage mat, and underneath the irrigation lines, and gravel placed over the filter cloth. 

   

Figure 15 The upper edge of the roof was completed last. Filter cloth overlaps drainage mat that extends almost 

to top of slope, but underneath irrigation hose along ridge to prevent substrate slipping underneath drainage 

mat. gravel edge provides visual cue for location of irrigation hose and connections 

 

The roof was planted with native species: Muehlenbeckia complexa, Libertia peregrinans (NZ iris) Poa 

cita, (silver tussock), Chionochloa rubra (red tussock) and Coprosma acerosa ‘Hawera’. The tussocks 

and Libertia were highly visible while the Muehlenbeckia and Coprosma blended into the substrate 

and coir. Muehlenbeckia should form a mat over most of the roof within several years. The inclusion 

of immediately highly visible plants was considered important for this public site. High visibility was 

achieved by using contrasting plant colour and texture (Libertia), and clustering plants including 

larger, dense plants (tussocks). 
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Nursery-grown plants were de-potted and upper substrate removed before being lifted to the roof. 

Muehlenbeckia was planted first. Where plants were located in the coir logs, the logs were slit to 

enable planting. A 2.4 m wide strip of coir netting was then laid across the upper two-thirds of the 

roof to further protect the surface against erosion (Figure 16). The Libertia, tussocks and coprosma 

were planted through the coir matting. Tussocks were in root trainers that were approximately 

120 mm deep and relatively root bound; this meant the lower 20–30 mm was either removed, or 

split to ensure the plant could be planted so the base of the leaves was level or slightly below the 

surface of the substrate. The Libertia were bare rooted divisions that had been removed the previous 

day and soaked prior to planting. Coprosma were also bare rooted, removed from their original beds 

on the day of planting. De-potting and planting took three people about three hours. Installation of 

plants through the coir logs and coir matting was relatively slow as the netting was cut and stretched 

to create a small hole. The irrigation system was tested once planting was complete (Figure 17). 

  

Figure 16 plants inserted through coir netting. Additional netting was used to protect the surface from wind- 

and water-induced erosion, and to help deter birds from pulling out smaller plants 

  

  

Figure 17 Watering the roof immediately after planting helps plant establishment, cleans stones, and tests 

drainage and gutters 
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Figure 18 The finished living roof is part of a treatment train; the rain chain discharges to a swale planted with 

jointed rush and sedges which drains into a pond. Rolls of coir netting lie beneath the overhang with excess 

drainage mat 

 

 

 
Figure 19 August 2011 Pre fertiliser – the green muehlenbeckia is not yet visible, coir netting is intact but the 

surface of the coir logs has been removed by birds 
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Follow-Up 

As participation in the demonstration project was voluntary, there was no requirement or provision 

for monitoring. Visits to the Botanic Gardens demonstrated successful plant establishment, negligible 

plant mortality, and very low establishment of weeds that have been found on all other monitored 

roofs, e.g. in April 2011 a few plants of Conyza albida, Epilobium ciliatum, dandelion (Taraxacum 

officonale) and Poa annua were present.  Substrate was largely stable.  In April 2011 a very small 

amount of pumice had entering the pebble drainage area – this was despite birds having removed 

nearly all the coir fibre from the retaining log adjacent to the lower edge of the roof (photo). The 

roofs are irrigated but fertiliser was with-held until December 2011; after an initial flush of growth, 

the growth of many plants was stunted.  Fertiliser was applied in late 2011. Nevertheless, the 

developing aesthetic is shown in Figure 20. 

   

Figure 20 Potter’s Childrens Garden entrance in August 2010 and April 2011; The grey echeveria plants have 

‘pupped’, as have the bromeliads planted within them, nitrogen stress is reflected in small iceplant leaves that 

have turned from green to grey in colour.  Very few weeds present 

Plants on the entrance roof require more annual maintenance than those on the toilet roof to 

maintain the garden’s aesthetic appearance. Senecio and iceplant on the entrance roof were pruned 

in winter and spring 2011 as basal shoots close to the substrate developed and could replace the 

original upright growth. The seed heads of iceplants, Echeverias and Aloes are removed after 
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flowering for aesthetic reasons; sunstar seed heads are ‘self pruning’ and fall over when dry so do 

not need removing.  More non-native plant species, for example dwarf gazania and bearded iris 

cultivars, are being trialled on this roof. 

Since these roofs have been constructed, further living roof plant testing has been initiated, 

particularly with medicinal and edible plants on the Womery roof using a containerised system that 

allows ready plant replacement (Figure 21).  A range of sedums has also being propapgated and is 

being trialled on renovated Tamaki mini-roofs and trays in the gardens.  

 

Figure 21 The womery roof trialling native and non-native medicinal and edible plants, October 2011 



Extensive Green (Living) Roofs for Stormwater Mitigation  C-1 
Part 2: Performance Monitoring  
 

Appendix C Additional Data - Stormwater Mitigation Per 

Event 

Runoff Response: All Storms 

The primary analysis considers data for storms with rainfall events of at least 2 mm. Smaller rainfall 

events (< 2 mm) would rarely generate meaningful runoff, but the predominance of occurrence 

creates significant skew in the data which might be considered as exaggerating the summary 

performance. A conservative event-based analysis is presented in the main body of the report by 

including only events with rainfall of at least 2 mm. For completeness, data distributions for event-

based analysis are presented here including the entire data set. Coincidentally, there are no 

differences in the results of statistical differences amongst any of the comparisons. 

 

Figure C-1 Total volume of runoff per plot for the UoA living roof 
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Figure C-2 Peak runoff flow rate per plot for the UoA living roof 

 

 

Figure C-3 Total volume of runoff per shed for the Tamaki mini-roofs for all storms 
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Figure C-4 Peak runoff flow rate per shed for the Tamaki mini-roofs for all events 

 

 

Figure C-5 Total volume of runoff for the WCC roofs for all events 
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Figure C-6 Peak runoff flow rate for the WCC roofs for all events 

 

Mitigation Per Event 

 UoA Living Roof 

Large variations in runoff response were exhibited between the five combined plots on a per event 

basis (as demonstrated by the error bars representing standard error of the mean), but there were 

no obvious or consistent causes for this variation. These results concur with Berghage et al. (2009). 

The living roof design itself may contribute to disparity in response. In addition to localised variation 

in plant establishment, the central utilities shaft possibly produces a rain shadow effect and variation 

in solar radiation received. Peak flow variation between plots may be due to plot 

orientation/drainage path to gutter, each plot had a different flow path to get to the drainage point 

(Error! Reference source not found.). Mean values taken from the installed climate station and rain 

gauge were assumed constant across all plots. Although the variation was not sufficient to produce 

statistically significant differences in response between plots in the overall datasets, variation may 

have been influential on an individual event basis.  
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Figure C-7 Volume reduction per event when living roof runoff was compared with modelled control roof runoff 
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b.)  

Figure C-8 Peak flow reduction per event when living roof runoff was compared with modelled control roof 

runoff plotted against rainfall peak intensity (a) and total rainfall (b) 

 

 Tamaki Mini-Roofs 

 

Figure C-9 Volume reduction per event when living roof runoff was compared with control roof runoff 
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a.)  

b.)  

Figure C-10 Peak flow reduction per event when living roof runoff was compared with control roof runoff 

plotted against rainfall peak intensity (a) and total rainfall (b) 
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 Waitakere City Civic Centre Living Roof 

 

Figure C-11 Volume reduction per event when living roof runoff was compared with control roof runoff 
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b.)  

Figure C-12 Peak flow reduction per event when living roof runoff was compared with control roof runoff 

plotted against rainfall peak intensity (a) and total rainfall (b) 

 

Seasonal Analysis 

 

 UoA Living Roof 

Kruskal-Wallis tests indicated there were no statistically significant differences between the seasons 

for either rainfall depth (p = 0.477), control roof runoff depth (p = 0.277), or runoff depth (p = 0.721). 

There were no statistically significant differences between spring, summer and autumn for either 

percent retention or peak flow reduction (all p > 0.05). However, there were significant differences 

between winter and the three other seasons for peak flow reduction (p < 0.05) and between winter 

and both spring and autumn for percent volume retention (p < 0.05). 

Median peak flow reduction in spring, summer and autumn was 100%, dropping slightly to 98% in 

winter. Median percent retention was 100% in autumn, 99% in spring and summer, and dropped to 

92% in winter. 
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Figure C-13 Rainfall, living roof and control roof runoff depths for the UoA living roof 

 

Figure C-14 percent reduction based on comparison between UoA living roof runoff and modelled control roof 

runoff 
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Table  C-1 Median %-reductions when compared to modelled control roof data, full dataset (inc 

<2 mm depth) 

 Spring Summer Autumn Winter 

Retention 99 99 100 90 

Peak Reduction 100 100 100 97 

Event Count 124 69 82 121 

 

 

 Tamaki Mini-Roofs 

There were no significant differences in response between seasons for runoff depth from the 

100 mm depth living roof (p = 0.433, Kruskal-Wallis test), runoff depth from the 150 mm depth living 

roof (p > 0.063, multiple Mann-Whitney tests with Bonferroni correction), nor control roof runoff 

depth (p > 0.072, multiple Mann-Whitney tests with Bonferroni correction). The sole statistically 

significant difference was in rainfall volume, between spring and autumn (p = 0.045, Mann-Whitney 

test with Bonferroni correction). 

Again, neither the percent retention data, nor peak flow reduction data were normally distributed 

(Error! Reference source not found.). When living roof runoff was compared with control roof 

runoff, Kruskal-Wallis tests showed there were no statistically significant differences between spring, 

summer and autumn for percent retention and peak flow reduction (all p > 0.05). 

 

Figure C-15 Rainfall, living roof and control roof runoff depths for the Tamaki mini-roofs 

 



Extensive Green (Living) Roofs for Stormwater Mitigation  C-12 
Part 2: Performance Monitoring  
 

 

Figure C-16 Percent reduction based on comparison between living roof and control roof runoff for the Tamaki 

mini-roofs 

 

Table C-2 Median %-reductions when compared to control roof data, full dataset (inc <2 mm depth)* 

  Spring Summer Autumn 

Retention 
100 95.4 92.3 96.8 

150 93.4 91.1 98.2 

Peak Reduction 
100 88.7 79.3 81.4 

150 86.5 84.3 96.9 

Event Count - 44 34 44 

* Differences are not statistically significant. 

 

Comparison between Living Roof Sites 

Comparison roof by roof, on a per event basis, using all rainfall events recorded from Aug–Dec 2010, 

identified no statistically significant differences in control roof or living roof response. Rainfall events 

with a total depth <2 mm, included in this analysis, were always completely retained but heavily 

skewed results and complicated interpretation. 
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Figure C-17 Control roof (top) and living roof (bottom) data per event for all events monitored Aug–Dec 2010 
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Appendix D Physical Process-based Model Development 

SHE, N., FASSMAN, E. A. & VOYDE, E. 2010. Application of a Physically-Based Green Roof Model to 

Living Roofs in Auckland, New Zealand. 17th Congress of the Asia and Pacific Division of the 

International Association of Hydro-Environment Engineering and Research, incorporating the 7th 

International Urban Watershed Management Conference. Auckland, NZ. 
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Abstract 

Living roof (green roof) technology has started to emerge as a promising type of stormwater 

runoff control device for retaining rainfall volume and attenuating storm runoff peak flows from 

urban areas. A physically-based green roof model is presented to describe underlying 

hydrological and hydraulic processes of living roofs. The results of simulations are compared to 

field monitoring data of a hydraulically isolated approximately 46 m
2
 section of the University of 

Auckland (UoA) living roof. From the calibrations and validations it shows that the model is 

capable to capture the major characteristics of significant events and is robust for the continuous 

simulation. In addition, the statistical analysis shows that the living roof under the study 

significantly reduced peak runoff and total volume of the storm events. The peak runoff 

reduction in this study is about 83% and the total volume reduction is about 67% over the period 

of October 2008 to October 2009, where 1137.2 mm of rainfall was received. 

 

Keywords: Living roof, green roof, Green-Ampt, infiltration, field capacity, Darcy’s Law 

 

INTRODUCTION 

A green roof is a multi-layered vegetated roof covering consisting of a root barrier, a waterproof 

membrane, an under drainage system, and a layer of growing medium covered by plants. 

Underneath the medium, a filter mat is placed to prevent the growing medium from being 

washed into the drainage layer. The drainage layer forms the under drain system of the roof, 

which carries the infiltrated runoff away from the plant zone. The hydrologic and hydraulic 

processes of a typical green roof can be described in the following way:  

After rain falls onto a green roof, a portion of the rain water is intercepted by plant stems or 

retained in growing medium and can be evaporated back into the atmosphere. The rest of the rain 

water infiltrates into the growing medium.  After rain water has infiltrated into the growing 

medium a portion of the water is held by the plant roots and taken up by the plants.  The 

remaining portion moves downward in the medium by the force of gravity that overcomes the 

mailto:e.fassman@auckland.ac.nz
mailto:evoy001@aucklanduni.ac.nz


suction force which binds water to media particles. This forms the “front” of the advancement of 

water through the growing medium, which is called wetting front. It divides the saturated 

medium behind it and unsaturated medium below it.  As water moves through the medium, it 

will not drain through the drainage layer until the field capacity is reached. The maximum 

amount of water that a growing medium can hold within its structure against the pull of gravity is 

called the field capacity of the growing medium [1-2], and is denoted as 𝜃𝑓 . 

 

GREEN ROOF MODEL 

The green roof used in this study was first proposed by She [3], and can be simply described by 

the following three processes: 

1. Advance of wetting front 

Let 𝐷 be the depth of the medium on the top of a green roof, 𝐹(𝑡) be the cumulative 

depth of rain water infiltrated into the medium at time 𝑡, and 𝑓(𝑡) be the infiltration rate 

of the medium at time 𝑡, the advancement of wetting front is governed by Green-Ampt 

equations 

 𝐹 𝑡 −  𝜓 − ℎ0 Δ𝜃 ln 𝐹 𝑡 +  𝜓 − ℎ0 Δ𝜃 − ln  𝜓 − ℎ0 Δ𝜃  = 𝐾𝑡                   (1)                 

              𝑓 𝑡 = 𝐾  
(𝜓−ℎ0)Δ𝜃

𝐹 𝑡 
+ 1                                                                                                      (2) 

where 𝐾 is the saturated conductivity, 𝜓 is the suction head, ℎ0 is the depth of ponding, 

and Δ𝜃 is the difference of the porosity and initial moisture content of the medium. The 

moisture content of the medium 𝜃(t) can be calculated by 

                                               

𝜃 𝑡 =
𝐹 𝑡 

𝐷
                                                                                                       (3)           

If the intensity of the rainfall 𝑖(𝑡) is less than the infiltration rate of the medium𝑓(𝑡) when 

𝜃 𝑡 ≤ 𝜃𝑓 , then all the rainfall water is infiltrated into the medium to advance the wetting front 

and no ponding occurs. If the rainfall intensity 𝑖(𝑡)  is greater than 𝑓(𝑡), then only 𝑓(𝑡)∆𝑡 can be 

infiltrated into the medium. The difference (𝑖 𝑡 − 𝑓 𝑡 )∆𝑡 is ponded on the top of the medium. 

Here ∆𝑡 is the time interval under consideration. In either case, no rain water drains through the 

medium to the drainage layer at this point because all water is retained by the field capacity of 

the medium. In the case of 𝜃 𝑡 ≤ 𝜃𝑓 , equation (1) and (2) are used to calculate the advancement 

of the wetting front in the growing medium during a rainfall event. However, when 𝜃 𝑡 ≥ 𝜃𝑓  

during a rainfall event, but less than porosity, part of the rainfall water start to drain out of the 

medium to the under drain system by gravity through the large voids in the medium, while the 

rest remains in the medium to advance the wetting front until the medium becomes completely 

saturated.  The water flow drained through the medium into the drainage layer is proportional to 

the cumulative depth of infiltrated water in the previous time step and can be expressed by the 

following equation: 

           𝑞 𝑡 = 𝑐
𝐹(𝑡−∆𝑡)𝑎

∆𝑡
                                                                                                          (4)                                                                                       



Here 𝑞 is the flow rate that drained through the medium before the saturation, “a” and “c” are 

calibration parameters.  The exponential term “a” is a shape parameter used to represent the 

change of infiltration and “c” is a scale parameter used to adjust the magnitude. 

2. Medium saturation 

When medium is saturated, that is the moisture content reaches the medium porosity 

denoted as η, Darcy’s equation is used to calculate the flow through the medium to the 

drainage layer.  

𝑞 𝑡 + ∆𝑡 = 𝐾
𝐷 + ℎ0(𝑡)

𝐷
                                                  (5) 

It should be noted that the growing medium should never actually reach saturation 

according to international design standards. However, it may not be the case in practice 

for some roofs that are not appropriately designed or constructed. Hence, it is a useful 

trigger/process to have it in the model, but the expectation is that saturation will never 

actually be reached. 

3. Recession 

𝑞(𝑡 + ∆𝑡) = 𝑞(𝑡)𝑒−𝜆                                                                               (6) 

𝐹 𝑡 + ∆𝑡 = 𝐹(𝑡) − 𝛽𝑞(𝑡 + ∆𝑡)∆𝑡                                                        (7) 

where 𝜆  is the decay rate of runoff during the recession process and β  is the calibration 

parameter of wetting front. Note that a retreating wetting front will be formed in the medium as 

the medium dries.  The wetting front will continue to retreat until of the medium returns to 𝜃𝑓 .   

In this study the evapotranspiration is simply set to 0 during rainfall period and takes the form of 

an exponential decay with moisture content during dry period.  Mathematically, the moisture can 

be replaced by the cumulative depth because of equation (3). Hence, the decay can be expressed 

as 

𝐹 𝑡 =  𝐹 𝑡 − ∆𝑡 𝑒−𝑏                                                                     (8) 

where b is a calibration parameter. 

After the flow drained through the medium to the under drain system, it was routed to the green 

roof outlet by SWMM RUNOFF module in the same way that routes rainfall on a catchment 

area.  The non-linear reservoir routing scheme in SWMM RUNOFF consists of the Unsteady 

State Continuity Equation and the Manning’s Equation for wide channel approximation.  The 

non-linear reservoir routing equation is taken from the SWMM manual [4] as: 

                 
𝑑𝑦

𝑑𝑡
= 𝑞 𝑡 −

1.49𝑊

𝐴𝑛
𝑦

5
3𝑆

1
2                                                       (9) 

where 𝑦 is water depth, 𝐴 is plan area of the growing medium above the drainage layer, 𝑞(𝑡) is 

flow drained through from growing medium, 𝑛 is Manning’s roughness coefficient, 𝑆 is slope of 

drainage layer and W is width of routing surface. 

To summarize the above mathematical formation, an algorithm is given below for computations.  

Step 1: at 𝑡 = 0, for the initial values of 𝑖 0  , ℎ0(0) and 𝜃0  calculating 𝐹 0  and 𝑓(0) using 

equation (3), (1) and (2), respectively. 

For 𝑡 + ∆𝑡  



Step 2:  if θ(t)>η , then go to saturation sub-module in Step 4; otherwise obtaining 𝐹(𝑡 + ∆𝑡) by 

solve the equation  

𝐹 𝑡 + ∆𝑡 = 𝐹 𝑡 − 𝐾∆𝑡 + ∆𝜃 𝜓 − ℎ0(𝑡)  ln  𝐹 𝑡 + ∆𝑡 + ∆𝜃 𝜓 − ℎ0(𝑡)   −
ln([𝐹 𝑡 + ∆𝜃 𝜓 − ℎ0(𝑡) ]                                                                        (10) 

using Newton- Raphson method, and 𝑓(𝑡 + ∆𝑡) by replacing 𝐹(𝑡) to 𝐹(𝑡 + ∆𝑡) in equation (2). 

Step 3: if 𝐹(𝑡 + ∆𝑡) ≥ 𝐹𝑓  or equivalently 𝜃(𝑡 + ∆𝑡) ≥ 𝜃𝑓 , where 𝐹𝑓 = 𝐷𝜃𝑓 , then 

        if 𝑖 𝑡 = 0, then go to recession sub-module in Step 5; otherwise for 𝑖 𝑡 > 0 

(a)  calculating 𝑞(𝑡 + ∆𝑡) using equation (4) 

(b) re-calculating 𝐹(𝑡 + ∆𝑡) by max 𝐹𝑓 ,𝐹 𝑡 + ∆𝑡 − 𝛼𝑞(𝑡 + ∆𝑡)∆𝑡  with 𝛼 a 

calibration parameter, and 𝑓(𝑡 + ∆𝑡) by replacing 𝐹(𝑡) to 𝐹(𝑡 + ∆𝑡) in equation (3). 

(c) updating ℎ0(𝑡 + ∆𝑡) by 𝑚𝑎𝑥 0, ℎ0(𝑡) − [𝑓 𝑡 + ∆𝑡 − 𝑞(𝑡 + ∆𝑡)]∆𝑡   

The steps 2 and 3 continue to govern the infiltration rate of the medium until the medium is 

completely saturated. Note that the flow 𝑞 drained through the medium will be routed using 

SWMM RUNOFF non-linear reservoir scheme. 

Step 4: saturation sub-module 

If 𝑖 𝑡 > 0, then calculating 𝑞(𝑡 + ∆𝑡) using Darcy’s equation (5)                                                                         

Otherwise, go to Step 5  

Step 5: recession sub-module 

Using equations (6) and (7) to calculate 𝑞(𝑡 + ∆𝑡) and 𝐹 𝑡 + ∆𝑡 , respectively. If a rainfall event 

happens before the 𝜃  of the medium returns to  𝜃𝑓 , Step 2 is called again to calculate the 

infiltration rate and the movement of the wetting front in the medium. If 𝑞(𝑡) = 0 and 𝑖 𝑡 = 0, 

then go to evapotranspiration equation (8). 

 

RESULTS AND DISCUSSION 

The application of the model herein is to the University of Auckland (UoA)’s living roof 

constructed atop the Faculty of Engineering in Auckland’s central business district. Full details 

of the living roof and field monitoring are presented in an associated paper in this conference, 

“Stormwater Mitigation by Living Roofs in Auckland, New Zealand” by Voyde et al. One 

hydraulically isolated approximately 46 m
2
 section of the UoA living roof has been modelled 

(plot 3 per Voyde et al. 2010) [5].  

The rainfall and flow survey data were collected at 5-minutes interval from September 5, 2008 to 

October 24, 2009.  To obtain the effectiveness of the living roof under the study, it was first set 

up as a regular roof. The runoff from this regular roof was generated by SWMMRUNOFF 

module using a low Manning’s roughness coefficient (n = 0.015). The total volume of runoff 

from the regular roof was compared to the total volume of the flow survey data. Compared to the 

conventional roof, the total runoff volume reduction by the living roof is 67%; and the peak flow 

reduction is 83%. Figure 1 shows the runoff from the regular roof and the flow survey data. 



 

Figure 1. Comparison of runoff generated from the regular roof with the flow survey data 

of living roof. 

 

 

The maximum storm event started on February 19, 2009 with an intensity of 2.457 inches per 

hour and 21.6 hours durations. Table 1 lists some most significant storm events (defined as the 

intensity > 0.7 in/hr). 

To calibrate the model two storm events were selected for simulations. February 19, 2009 event 

is the largest event for entire study period; and December 23, 2008 events are the smallest event 

in Table 1. After the calibration, September 24, 2009 storm event – the second largest storm 

event was used to verify the model settings. Finally, the model was tested in a continuously 5 

minute interval simulation for the entire duration of flow survey data record. 

 

 

  



Table 1. Some of the most significant storm events from Sept. 5, 2008 to Oct. 24, 2009 

Start Date   

Event Duration 

(hours)      

 Event Peak 

(in/hr)     

2/19/2009 21.6 2.457 

9/24/2009 5 2.457 

8/30/2009 14 1.701 

3/19/2009 0.7 1.323 

9/28/2009 5.4 1.323 

7/22/2009 1.4 1.228 

9/29/2009 5.7 1.039 

9/7/2008 25.7 1.039 

9/10/2008 2.7 1.039 

7/17/2009 42.3 0.945 

6/28/2009 30 0.945 

2/27/2009 14.3 0.945 

10/4/2009 7.8 0.85 

11/6/2008 10.8 0.85 

4/8/2009 34.5 0.85 

10/23/2008 10.6 0.85 

7/4/2009 50.4 0.85 

11/4/2008 25.1 0.756 

12/23/2008 27 0.756 

 

 

Figure 2 shows the simulated runoff of the living roof vs. flow survey data for February 19, 2009 

event. One can see that the flow survey dropped too quickly to 0 after the second peak of the 

storm, and there is almost no flow for the third peak of the storm. For such a large event, it is 

unlikely the case. So, for comparison purpose only the result from after the second peak was 

used. The volume difference is about 10%, and peak flow difference is about 28%.  



 

Figure 2. Comparison of simulated vs. observed runoff for the event on February 19, 2009 

 

Figure 3 showed the simulated runoff of the living roof vs. flow survey data for December 23, 

2008 events.  The volume difference is about 6%, while the peak flow difference is about 53%. 

This indicated that for the smaller storm event, the model appears to be more accurate in 

predicting the volumes than peaks.  

Now the calibrated model is used to validate storm event on September 24, 2009. Figure 4 

showed the validation result. The difference between the simulated volume and flow survey is 

about 6%, and between the simulated peak runoff and the runoff from flow survey is about 11%. 

Finally, the model was tested in a continuously 5 minute interval simulation for the entire 

duration of flow survey data record.  Figure 5 showed the test result. The volume between the 

simulated and observed runoff is about 5%. The peak runoff between the simulated and observed 

runoff is about 22%. 



 

Figure 3. Comparison of simulated vs. observed runoff for the event on December 23, 2008 

 

 

Figure 4. Validation of simulated vs. observed runoff for the event on September 24, 2009 

 



 Figure 5. Comparison of simulated vs. observed runoff for the entire study period. 

 

From the above calibration and validation, one can see that then model is capable to capture the 

major characteristics of significant events and is robust for the continuous simulation. The 

parameters and their values used in the model are listed in Table 2 below. 

 

 

 

 

 

 

 



 

Table 2.  Modelling parameter values used in the simulation 

Parameter symbol Parameter value Description 

 𝜃𝑓  0.496 Field Capacity (measured) 

η 0.58 Porosity 

K 0.35 Conductivity 

ψ 28 Suction Head 

n 0.15 Manning’s n 

c 0.31 Scale parameter in eqn (4) 

a 0.66 Shape parameter in eqn (4) 

λ 2.1 Decay rate in recession eqn (6) 

β 0.4 Calibration parameter of wetting front 

in recession eqn (7) 

b 0.0000015 Evapotranspiration factor 

 

CONCLUSION 

The errors in calibration of two significant events are within reasonable range compared to 

observed runoff. It appeared that the model is more accurate to simulate the runoff volume than 

the peak. However, the model can capture the characteristics of the significant events in general 

e.g. the shape of the hydrographs. When calibrated model applied to continuous simulation the 

error of total volume is only 5%, which indicates that the model is robust. The error of peak 

runoff is about 22%, which is not too bad. 

The statistical analysis from a regular roof and observed runoff of living roof showed that the 

living roof can significantly reduce peak runoff and total volume of the storm events. The peak 

runoff reduction in this study is about 83% and the total volume reduction is about 67%. 

Future work will focus on modelling the entire UoA living roof over the entire period of record, 

and investigating modelling of other living roofs currently being monitored by UoA as data 

becomes available. 
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Appendix E WCC Sampling Hydrographs 
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Appendix F Water Quality Data 

Guide to sample names on data sheets from WCS. All samples are flow-weighted composites: 

Tamaki mini roof samples: S1, S2, S3, S4, S5. The number refers to Shed number (1= 100 mm; 2 = 150 mm; 3= 100 mm; 4= 150 mm; 5 = ungreened control). 

Samples labels with extension –FR indicate field replicates. 

WCC samples: GR = living (green) roof. CR = control (ungreened) roof 

 

Checks for Normality with LN Transforms 

Table F-1. EMC analysis: natural log (ln) transforms resulting in normal distributions 

Location TSS Nox TN SRP TP Sol Cu Cu Sol Zn Zn 

Tamaki 100 Y Y Y Y Y Y Y Y Y 

Tamaki 150 Y Y Y Y Y Y Y Y Y 

WCC Living Roof Y Y N Y N Y Y Y N 

Tamaki Control Roof Y Y Y Y Y Y Y Y Y 

WCC Control Roof Y Y Y N/A* N Y Y Y Y 

Living roofs combined Y N N Y Y Y Y Y N 

Control roofs 
combined 

Y Y N N N Y Y Y Y 

* All EMCs < MDL, therefore a distribution could not be established. 

 

 

 

 

Table F-2. Normal distributions for mass loads 

Location TSS Nox TN SRP TP Sol Cu Cu Sol Zn Zn 
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Tamaki 100 Y
*
 Y Y* Y Y* Y* Y Y Y* 

Tamaki 150 Y
*
 Y Y

*
 Y Y

*
 Y

*
 Y Y Y

*
 

WCC Living Roof Y Y* Y Y Y Y Y Y Y 

Tamaki Control Roof Y* Y Y* Y Y
*
 Y

*
 Y Y Y

*
 

WCC Control Roof Y Y* Y N Y Y Y Y Y 

* LN-transformed data. 
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Water Quality Per Event 

Table F-3. EMC for each water quality parameter tested at the Tamaki mini-roofs 

Rainfall 

Event/ Date 

Rain 

Depth Location 
TSS TDS NO2NO3 TKN TN SRP TP Sol Cu Cu Sol Zn Zn 

(mm) mg·L
-1

 mg·L
-1

 mg·L
-1

 mg·L
-1

 mg·L
-1

 mg·L
-1

 mg·L
-1

 µg·L
-1

 µg·L
-1

 µg·L
-1

 µg·L
-1

 

S1 
14/12/10 

27.4 

100 mm 6.9 142.0 0.003 5.31 5.31 1.11 1.37 5.1 5.3 46.0 52.5 

150 mm 21.1 227.8 0.003 5.63 5.63 1.70 2.13 7.0 9.8 73.2 80.7 

Control 6.2 36.0 0.051 0.79 0.84 0.08 0.09 1.2 0.6 35.0 39.0 

S2 
16/12/10 

19.6 

100 mm 11.0 95.5 0.019 1.93 1.95 0.89 1.16 3.2 4.0 33.5 39.5 

150 mm 14.3 120.5 0.052 2.15 2.20 1.16 1.46 4.4 5.7 34.5 41.5 

Control 7.4 15.0 0.066 0.37 0.44 0.05 0.06 0.5 0.7 58.0 66.0 

S3 
20/12/10 

58.4 

100 mm 3.6 65.0 0.006 0.81 0.82 0.74 0.85 2.8 3.0 28.2 26.2 

150 mm 5.4 80.0 0.040 1.04 1.08 0.93 1.05 3.2 3.5 22.0 21.0 

Control 1.0 15.0 0.048 0.26 0.31 0.03 0.04 0.3 0.5 36.0 35.0 

S4 
19/01/11 

13.2 

100 mm 11.6 96.0 1.012 2.04 3.05 0.48 0.54 5.2 6.1 86.5 112.0 

150 mm 9.9 112.0 1.171 1.73 2.90 0.56 0.62 5.6 5.6 90.0 115.0 

Control 4.0 17.3 0.111 0.74 0.85 0.08 0.09 0.6 1.0 62.0 86.3 

S5 
22/01/11 

17.8 

100 mm 4.6 81.5 0.281 1.27 1.55 0.63 0.72 2.6 4.0 24.5 42.0 

150 mm 4.0 74.0 0.431 1.20 1.63 0.71 0.80 2.8 3.9 23.2 39.8 

Control 2.0 9.5 0.034 0.21 0.24 0.04 0.59 0.2 0.5 24.0 30.0 

S6 
19/03/11 

32.8 

100 mm 2.5 42.6 0.216 0.80 1.02 0.26 0.35 1.5 2.2 24.2 331.7 

150 mm 3.1 64.0 0.343 1.23 1.57 0.38 0.49 1.7 2.8 25.5 345.0 

Control 8.7 17.0 0.060 0.57 0.63 0.06 0.08 0.2 1.0 29.0 350.0 

S7  
22/03/11 

46.6 

100 mm 1.0 50.0 0.079 0.65 0.72 0.27 0.30 4.1 2.1 22.0 20.0 

150 mm 1.0 69.3 0.188 0.84 1.03 0.35 0.42 3.2 2.6 22.5 22.8 

Control 1.0 8.0 0.027 0.11 0.14 0.02 0.03 0.2 0.2 22.0 24.0 



Extensive Green (Living) Roofs for Stormwater Mitigation  F-4 
Part 2: Performance Monitoring  
 

S8 
27/03/11 

29.6 

100 mm 2.2 103.0 0.098 1.02 1.11 0.26 0.29 4.3 4.0 42.5 42.0 

150 mm 5.0 157.5 0.275 1.45 1.73 0.43 0.50 5.3 6.2 42.5 44.5 

Control 2.0 37.0 0.072 0.20 0.27 0.03 0.03 0.3 0.5 40.7 48.0 

Note: Average value of all samples collected for sheds of like substrate depth (100 mm = Sheds  
1 and 3, 150 mm = Sheds 2 and 4). 
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Table F-4. EMC for each water quality parameter tested at the WCC living roof 

Sample 

Event/ Date 

Rain 

Depth Location 
TSS TDS NO2NO3 TKN TN SRP Tp Sol Cu Cu Sol Zn Zn 

mm mg·L
-1

 mg·L
-1

 mg·L
-1

 mg·L
-1

 mg·L
-1

 mg·L
-1

 mg·L
-1

 µg·L
-1

 µg·L
-1

 µg·L
-1

 µg·L
-1

 

S1 
14/12/10 

21.2 
Control Roof 2.0 158.0 0.02 0.32 0.34 0.01 0.01 5.1 5.0 8.0 9.7 

Living Roof 4.0 26.0 0.51 1.12 1.63 0.47 0.55 12.0 12.0 9.4 13.0 

S2 
16/12/10 

11.8 
Control Roof 2.3 48.0 0.23 0.71 0.94 0.01 0.01 28.0 29.0 33.0 39.0 

Living Roof 7.7 151.0 0.68 1.11 1.79 0.28 0.35 10.0 13.0 16.0 20.0 

S3 
21/12/10 

22.8 
Control Roof 2.0 15.0 0.04 0.10 0.14 0.01 0.01 1.9 2.7 4.2 5.7 

Living Roof 2.0 145.0 0.48 1.54 2.02 0.83 0.85 13.0 14.0 12.0 13.0 

S4 
17/01/11 

8.8 
Control Roof 3.0 60.0 0.10 1.08 1.18 0.01 0.02 25.0 32.0 40.0 41.0 

Living Roof 1.4 97.0 1.16 1.11 2.27 0.31 0.36 10.0 16.0 12.0 19.0 

S5 
28/01/11 

57.4 
Control Roof 1.3 131.0 0.02 0.1 0.12 0.01 0.01 5.4 4.0 3.2 3.5 

Living Roof 1.3 39.0 0.53 1.87 2.40 0.73 0.83 14.0 13.0 10.0 11.0 

S6 
22/02/11 

13.6 
Control Roof 1.2 15.0 0.06 0.15 0.21 0.01 0.01 11.0 12.0 7.1 7.6 

Living Roof 3.8 125.0 0.48 13.44 13.92 0.33 0.36 16.0 18.0 11.0 11.0 

S7 
22/03/11 

39.8 
Control Roof 1.0 11.0 0.01 0.11 0.12 0.01 0.01 3.4 6.0 3.7 3.7 

Living Roof 1.0 139.0 0.05 1.54 1.59 0.75 0.80 19.0 20.0 13.0 12.0 

S8 
27/03/11 

21.8 
Control Roof 1.5 48.0 0.04 0.22 0.26 0.01 0.02 37.0 36.0 12.0 14.0 

Living Roof 1.0 122.0 0.12 1.18 1.30 0.40 0.41 16.0 17.0 10.0 13.0 
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Appendix G Commercial Living Roof Substrate Chemistry  

 

Table G-1. Commercial living roof substrate chemistry 

Identification 

pH 

(Water) 

Total 

C 

Total 

N 
C:N 

Total 

P 

Olsen 

P 

Organic 

P 

Exchangeable 
CEC 

Base 

Saturation Ca   Na 

m 106 
m 
114 

m 
114 

Calc. m 130 m 124 m 130 m 143 – 1:20 m 145 Calc. 

 % %  mg·kg
-1

 mg·kg
-1

 mg·kg
-1

 cmol(+)·kg
-1

 cmol(+)·kg
-1

 % 

Queenstown intensive living roof A 
(new) 

6.0 4.3 0.08 55 349 16 10 6.8 4.4 0.4 0.13 14 87 

Queenstown intensive living roof B 
(new) 

5.7 6.3 0.11 58 352 19 12 7.1 6.6 0.5 0.15 20 71 

The Parc mown lawn extensive roof
1
 6.0 11.8 0.65 18 1860 129  39.2 9.1 0.6 1.5 54 94 

Quay West 15 yr old roof extensive 
roof

2
 

5.8 0.19 0.01 23 400 11  0.8 0.2 0.1 0.03 2 51 

1. Sample supplied by landscaper, lawn irrigated, fertilised and mown  

2. Sample supplied by landscaper, roof not irrigated or fertilised. Substrate height has decreased by approx 30 to 50% since construction 

Note: No evidence for acidification over time; evidence for loss of carbon, particularly shortly after installation as mobile organics are leached or washed 

out. 
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Appendix H Research Publications Related to Plant Performance 

 Davies R, Simcock R, Toft R. 2012. Biodiversity Opportunities for a NZ indigenous living roof.  World Green Roof Congress, Copenhagen. 18-21 

September 2012. 24 pg 

         Simcock R and Fassman E. 2012. Enhancing plant water supply of living roofs without irrigation or deeper substrates.  Mid-Atlantic Green Roof 

Science and Technology Symposium ‘Refining Green Roof Science’ 16-17 August 2012. Poster and abstract. 

 

 



INCREASE WATER STORAGE

The conventional way to increase water storage is to 
increase substrate depth; however, many other ways 
can also increase water storage and plant-available 
moisture. Most ways increase the design loads if applied 
across a whole roof:

• Use water retaining materials in discrete layers
 a – succulent plants store water in leaf tissues, 

bromeliads are natural cisterns
 b – geotextiles at the surface hold water but may 

slow substrate re-wetting

Enhancing plant water supply of living roofs 
without irrigation or deeper substrates

1 Landcare Research NZ Ltd Auckland SimcockR@landcareresearch.co.nz; 

2 Department of Civil and Environmental Engineering, University of Auckland 
E.Fassman@auckland.ac.nzDR ROBYN SIMCOCK1 & DR ELIZABETH FASSMAN2  

Mid-Atlantic Green Roof Science and Technology Symposium ‘Refi ning Green Roof Science’ 16–17 August 2012

INTRODUCTION
Water availability is a key controller of plant health, living roof aesthetics, and biodiversity on extensive living roofs. Water availability can be enhanced by increasing water storage or decreasing water losses. 
This poster identifi es options to achieve these outcomes on extensive living roofs, other than increasing substrate depth or irrigating. The options are suitable at scales from a whole roof to micro-sites; many 
are complementary; some can only be maximised during design of the building. Together the options contribute to increasing the resilience of living roofs to drought, and enhancing aesthetics and biodiversity.  

CONCLUSION - THE COMPLETE MOISTURE-CONSERVING PACKAGE
The drought-resilience of living roofs can be increased and living roof aesthetics enhanced by increasing water supply and/or decreasing water loss.  Various options are available and can be applied at different 
scales; some can only be applied during building design, while the majority should be applied during specifi cation of the living roof. Retrofi t options are generally limited to small-scale interventions.  The most 
effective and best outcomes combine enhanced water supply with reduced water loss, for example, locating water-shedding surfaces beside water-storage areas with low evaporative demand.

 •  Create barriers to water loss 
 h – large, white pumice forms a surface mulch that 

refl ects light and shields the substrate from heat and 
wind

 i – a  50- to 70-mm thick moisture barrier can develop 
in deeper substrates over a layer of elevated moisture

• Create small non-vegetated zones 
 Excluding surface vegetation can conserve moisture 

by reducing transpiring biomass, while identifying   
‘paths’ or creating refuges 

 j – lizard refuge (leaky ceramic trough)
 k – lightweight, resin pavers, hollow and normal stones
 l – partly buried wood refuges maintain wood moisture 

content to allow huhu beetle development  
 m – refuges on lightweight mulch provide shelter for a 

range of invertebrates

a – (i) sedums (ii) with other succulent plants and (ii) bromeliads retain water above ground

(i) (ii)
b – coir mat stores 4.7 mm water/m2

 c – geotextiles on a drainage layer hold water and are 
protected from evaporation

• Install water-retaining ‘bowls’ 
 d – ‘cups up‘ drainage mats are useful if roots can access the 

water
 e – buried bowls can increase supply to small, high-value 

areas. Shallow and porous bowls limit development of 
anaerobic conditions 

• Create sharp textural changes
 Sharp layers between substrate and underlying aggregate, or 

within a substrate, create ‘perched’ water tables mimicking  
alluvial substrates

• Avoid steep slopes 
 f – water retention reduces as slope increases; water is 

retained longest below slope changes and at the bottom of 
slopes

• Mix water-retaining materials into the growth 
substrate

 Using long-lived organic materials minimises reduction 
of substrate porosity and volume over time. Minimise 
organic materials that become strongly hydrophobic

 g – Inorganic materials that retain water include pumice, 
zeolite and crushed brick

c & d – drainage mat with cups stores 6.2 mm 
water/m2;  and bonded absorbent blanket

g – the absorbency of inorganic materials is infl uenced 
by particle size

f – steep slopes retain less water

k – stone mulch

• Select helpful plants
 n – layer plants to decrease surface temperatures and increase width of boundary layer
 o – spikey-leafed plants with low wind resistance create 

shelter for less tolerant plants 
 p  – include water harvesting plants. tussocks can harvest 

fog;  bromeliads are natural cisterns; succulents store water 
in their tissues  

 q  – use plants that are dormant during peak moisture 
demand e.g., early-fl owering, small bulbs; use plants with low 
water use during stress to extend the duration of evaporative 
cooling in drought conditions  

l – huhu beetle and emergence holes m – wood refuge

p – NZ Crassula and Pyrossia fern q – Allium (chives)q – Sedum and Disphyma

layered planting:
n & o - Libertia (NZ iris) over Acaena

o & p – NZ Festuca (tussock)

• Reduce exposure to mid-afternoon sun and refl ected glare to lower ET and temperature
 r – baffl e HVAC exhaust using screens or direct exhaust away from plants
 s – cast shade using elevated walkways or photo voltaic cells
 t – take advantage of shade cast by trees, structures, or linear mounds
 u – orientate the roof to face the ‘cool’ aspects (south or east in the Southern Hemisphere)

s – PVs cast shade t – (i) lift well and sculpture, (ii) trees, (iii) vents and fl ues cast shade

a – water-storing plants

c – geotextile

e – buried bowls

b – geotextile

d – cups up drainage mat

 DECREASE WATER LOSSES: REDUCE EVAPORATION AND 
WATER DEMAND

Lizard image - Licence #30117 Rob Suisted/naturespic.com

(iii)

(i) (ii) (iii)

m – refuges create shelter
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