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IAFSM Youth Outreach 

MONITORING AND MODELING OF GREEN ROOF ON 
BUSINESS INSTRUCTIONAL FACILITY 

 
The green roof being monitored is located on the Business Instructional Facility (BIF) on 

the campus of the University of Illinois at Urbana-Champaign (UIUC), see Figs. 1-2.  

The building was designed by Cesar Pelli and will be the first Leadership in Energy and 

Environmental Design (LEED) certified building built on the UIUC campus.  The design 

goal was LEED Gold certification but the building may achieve the Platinum level of 

certification (UIUC: COB, 2006).  The building was completed and opened for 

instruction in August 2008.   

 
Figure 1.  Location of BIF on University of Illinois at Urbana-Champaign campus 
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Figure 2.  View from inside BIF atrium (left) and view from outside BIF atrium (right) (courtesy 
UIUC Facilities & Services) 

 

 
 
Green Roof Design and Layout 

The monolithic, simple-intensive green roof (Fig. 3) comprises four vegetated beds 

surrounded by a vegetation-free zone with a total area of approximately 370 square 

meters.  The green roof was installed by American Hydrotech, Inc. in Summer 2008.  

Full plant coverage has not been attained but is expected in July 2010. Figure 4 shows the 

cross section view of the green roof, vegetation-free zone, inspection chamber, and roof 

drain.  
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Experimental Setup 

 
Layout 

The study area consists of a monolithic, simple-intensive green roof composed of four 

vegetated beds and an adjacent conventional roof, see  

 

 

 

 

 

 

 

 

 

 

Figure 8.  Monitoring consists of two weather stations; one located on the conventional 

roof and one on the green roof.  Each weather station measures the meteorological and 

hydrologic parameters listed in Table 3. 

Table 3.  List of monitored parameters, equipment and their location 

Parameter Equipment Location 

Air temperature and relative 
humidity Campell Scientific CS215 Conventional and green 

roofs 

Wind speed and direction Gill Instruments WindSonic 2-D Sonic 
Anemometer Conventional roof only 

Rainfall Electronics TE525WS Conventional and green 
roofs 

Incoming and reflected solar 
radiation Campbell Scientific LI200X Conventional and green 

roofs 

Roof surface temperature Campbell Scientific CS107  Conventional roof only 

Growing media volumetric 
water wontent  Decagon Devices EC-5 and 5TE  Green roof only 
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Growing media temperature Decagon Devices 5TE Green roof only 

Runoff 
Keller America Acculevel pressure 

transducer and multi-stage combination 
weir and orifice flow meter 

Conventional and green 
roofs 

Atmospheric particulate 
deposition 

Glass funnel, housing and cartridge 
containing Amberlite resin Green roof only 

Water-quality Teledyne Isco 3700 and 2900 portable 
samplers 

Conventional and green 
roofs 

 

 

 

Figure 8 shows the location of:  

1. The green and conventional roof weather stations. 
2. Roof drain sets. 
3. Soil moisture and temperature sensors.  
4. The placement of the water-quality and passive samplers.  
5. The placement of the flow measurement devices (CR1, GR1, GR2, GR3) in the 

operational drains. 
6. Conventional roof temperature probes.   
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Figure 8.  Plan view of green roof and conventional roof monitoring (not to scale) 

 
 

The conventional roof, which covers approximately 75 square meters, has a white, rubber 

roofing membrane surface with no ballast.  The conventional roof is one story (4.3 

meters) above the green roof and is accessed via a ladder.   
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Tripods, Dataloggers and Multiplexer 

Each weather station is powered by a 20 Watt solar panel (Campbell Scientific SP20) 

which charges a 12 Volt, 7 Amp-hour battery using a power regulator (Campbell 

Scientific PS100), see Fig. 9.  The base components of the weather stations include: a 10 

foot tripod (Campbell Scientific CM110) to which the sensors, enclosure, and solar panel 

are attached, and a 14” enclosure box which contains the datalogger (Campbell Scientific 

CR1000), battery, wireless device (Lantronix WiBox, conventional roof only), and 

multiplexer (Campbell Scientific AM16/32B, green roof only). At each station a 

datalogger controls the sensors and stores the data based on a user developed program.  

The CR1000 provides sensor measurement, timekeeping, data reduction, data/program 

storage and control functions. The data are then transmitted to a base computer located 

off-site via a wireless device connected to a local wireless network.  The green roof 

station incorporates a multiplexer due to the greater number of sensor inputs from soil 

moisture sensors and pressure transducers.  The AM16/32B is a relay device which 

increases the number of ports for connecting sensors to a datalogger.  All data are stored 

at one minute time intervals except for the flow measurement output (depth of runoff in 

inches) which is stored at 15 and 5 second intervals at the green and conventional roof 

stations, respectively.  The flow measurement devices will be discussed in further detail 

later.   
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Figure 9.  Conventional roof weather station (left) and green roof weather station (right) 

 
 
Wireless Communications 

Wireless communication is achieved for both the green roof and conventional roof 

stations via a Lantronix WiBox, see Fig. 10.  The Wibox is a dual port device server that 

enables connection to 802.11b/g wireless networks via serial (RS232 or RS485) 

connections.  The WiBox is located in the conventional roof enclosure.  Data from the 

green roof station are transmitted to the Wibox via a Campbell Scientific MD485 multi-

drop modem and twisted pair cable with Santoprene rubber insulation.  The MD485 

converts the output of the green roof datalogger from RS232 to RS485 format, this allows 

for the data to be transmitted over greater cable lengths.  The conventional roof station 

transmits data to the WiBox in RS232 format due to the close proximity of the datalogger 

and wireless device. 
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Figure 10.  Lantronix WiBox dual port device server 

 

Each port on the Wibox is assigned an IP address and channel number.  Using Campbell 

Scientific Loggernet 3.4.1 software a datalogger network was set up configuring a 

separate connection for each station.  Scheduled data collection drops are performed 

every half an hour from each station. 

 

Monitored Parameters 

 
Air Temperature and Relative Humidity 

At each station relative humidity (RH) and air temperature probes (Campbell Scientific, 

2008b) are mounted on two foot crossarms at two heights above the roof, 1.2 m and 2.2 

m.  The placement of the sensors was chosen to facilitate sensible and latent heat flux 

calculations.  Air temperature and RH are measured using Campbell Scientific CS215’s 

with radiation shield, see Fig. 11.  The temperature measurements have an operating 

range of -40 to +70°C and the relative humidity operating range is 0 to 100% RH (-20 to 

+60°C).  The RH readings are temperature compensated to better than ±2% over the 
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entire temperature range (Campbell Scientific, Inc, 2008b).  Table 4 shows the precision 

of the probe reading for different operating ranges.  The output is percent relative 

humidity and degrees Celsius. 

 

 

Figure 11.  Campbell Scientific CS215 Relative Humidity and Air Temperature sensor 

 
 
Table 4.  Precision of temperature and RH readings (Campbell Scientific, Inc, 2008b) 

  Accuracy 
Operating Range Temperature RH (at 25°C) 

-40 to +70°C ±0.9°C X 
25°C ±0.3°C X 

+5 to +40°C ±0.4°C X 
10-90% X ±2% 
0-100% X ±4% 

 
 
 
 

 

Wind Speed and Direction 
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An ultrasonic anemometer (Gill Instruments WindSonic 2-D Sonic Anemometer) 

mounted on a two foot crossarm is used to measure horizontal wind speed and direction 

at the conventional roof station, see Fig. 12.  The sensor takes readings at a height of 2.5 

m above the roof and is oriented towards true north.  Table 5 shows the operating range, 

precision and output resolution for the wind speed and direction readings (Campbell 

Scientific, Inc, 2007). 

 
Figure 12.  Gill Instruments WindSonic 2-D sonic anemometer at conventional roof weather station 

 
Table 5.  Specifications for sonic anemometer (Campbell Scientific, Inc, 2007a) 

  Wind Direction Wind Speed 
Operating Range 0-360° 0-60 m/s 

Precision ±3° ±2% of reading 
Output Resolution 1° 0.01 m/s 

 
 
Rainfall 

Precipitation is measured at both stations using a tipping bucket rain gage (Texas 

Electronics TE525WS), see Fig. 13.  The gage measures rainfall in 0.254 mm increments.  
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The gages were placed in close proximity to investigate the spatial variability of rainfall 

reaching the roof areas. 

  

Table  shows the precision of the rain gage for different rainfall rates (Campbell 

Scientific, Inc., 2008a).  Precipitation depth is totalized over the data interval. 

 

 
Figure 13.  Texas Electronics 525WS rain gage mounted on top of weather station tripod 

 

Table 6.  TE525WS rain gage precision (Campbell Scientific, Inc., 2008a) 

Rainfall Rate Precision 
Up to 2.54 cm/hr ±1% 

2.54 to 5.08 cm/hr +0, -2.5% 
5.08 to 7.62 cm/hr +0, -3.5% 

 
 
Incoming and Reflected Solar Radiation 

Both stations also measure incoming and roof reflected solar radiation using an up-

looking and down-looking pyranometer (Campbell Scientific LI200X), see Fig. 14.  The 

LI200X uses a silicon photovoltaic detector to measure solar radiation (400 to 1100 nm) 

(Campbell Scientific, Inc, 2008c).  Like the CS215’s the pyranometers are mounted on a 
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2 foot crossarm.  The absolute error in natural daylight is ±5% but typically ±3% 

(Campbell Scientific, Inc, 2008c).  Data is output in Watts/m2 for each data interval and 

totalized over each interval in Mega Joules/m2. 

 

 
Figure 14.  Uplooking and downlooking Campbell Scientific LI200X pyranometers 

 
 
 
Growing Media Volumetric Water Content and Temperature 

Volumetric water content (VWC) of the growing media is measured at 15 locations, see 

Fig. 8, using two different sensors:  Decagon Devices, Inc. EC-5 and 5TE soil moisture 

sensors, see Fig. 15  All sensors are placed at the same depth, with the dielectric VWC 

probes extending from 5 to 10 cm deep.   The EC-5 measures only VWC, and is an 

analog sensor, while the 5TE measures:  VWC, electrical conductivity (EC), and soil 

temperature.  The 5TE is a digital sensor. Table 7 shows the specifications for the soil 

moisture sensors.    
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Table 7.  Specifications for 5TE and EC-5 sensors (Decagon Devices, Inc, 2008a and Decagon 
Devices, Inc, 2008b) 

  EC-5 5TE 
Parameter Precision Resolution Precision Resolution 

VWC 0.02m3/m3 0.001 m3/m3 ±0.01-0.02 m3/m3 0.0008 m3/m3 

EC X X ±10% (0-7 dS/m) 0.01 dS/m (0-7 dS/m) 
0.05 dS/m (7-23 dS/m) 

Temperature X X ±1°C 0.1°C 
 
 

 
Figure 15.  Decagon Devices, Inc. EC-5 (left) and 5TE (right) soil moisture sensors 

 

The sensors were calibrated to the LiteTop media in August 2008 using five samples at 

different moisture contents.  A section of copper pipe (4.0 cm long and inner diameter = 

1.4 cm) was used for the volumetric soil sampler with total volume of 6.2 cm3.  Two wet 
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volumetric soil samples were placed in each drying container and weighed. Moisture 

content was determined by drying the samples in a vacuum oven set at 70°C for 48 hours 

and then weighing them. 

 

Knowing total soil volume (Vt), in cm3, mass of wet soil (mwet), and mass of dry soil  

(mdry), in grams, the following calibration calculations can be performed (Cobos, 2008): 

mw = mwet − mdry  (1) 

Vw = mw
ρw

 (2) 

ρb =
mdry

Vt
 (3) 

θ = Vw
Vt

 (4) 

 

3

3

3

Where:
 mass of water (g);

volume of water (cm );

density of water  1 g cm ;

 soil bulk density (g/cm );
 volumetric water content (VWC).

w

w

w

b

m

V

ρ

ρ
θ

=

=

= =

=

=

 

Vt = total volume of soil sample 

Calibration data for the EC5 and 5TE  sensors can be seen in Table 8 and Table 9, 

respectively.  Raw data were collected from each sensor; millivolts from the EC-5 and εb 

(soil bulk dielectric permittivity) from the 5TE.  Volumetric water content was plotted 

versus the raw data and then fit with a linear trendline (Figs 16 and 17).  The linear 
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trendline for each sensor serves as the soil specific calibration equation which is 

incorporated into the datalogger program.  
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Figure 16.  Plot of VWC and raw EC-5 output (mV) and calibration equation 
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Figure 17.  Plot of VWC and raw 5TE output (εb) and calibration equation 



 

 Table 8.  EC-5 soil moisture sensor calibration data 

 
 

Table 9.  5TE soil moisture sensor calibration data 

5TE 

Sample 
# 

Avg probe 
reading (Eb) 

dryer 
container 

tare mass (g) 

Sample 
volume 
(cm3) 

mass of 
container + moist 

soil (g) 

mass of 
container + dry 

soil (g) 

mass and 
volume of 

water (cm3) 

dry soil 
mass (g) 

soil bulk 
density 
(g/cm3) 

VWC 
(cm3/cm3) 

1 6.165 65.918 12.315 80.790 78.149 2.641 12.231 0.993 0.214 
2 6.050 66.524 12.315 80.543 77.841 2.702 11.317 0.919 0.219 
3 7.972 66.117 12.315 79.841 76.644 3.197 10.527 0.855 0.260 
4 7.975 66.014 12.315 79.994 76.224 3.770 10.210 0.829 0.306 
5 23.762 66.607 12.315 83.375 78.601 4.773 11.994 0.974 0.388 

 

EC5 

Sample 
# 

Avg probe 
reading 
(mV) 

dryer 
container 

tare mass (g) 

Sample 
volume 
(cm3) 

mass of 
container + moist 

soil (g) 

mass of 
container + dry 

soil (g) 

mass and 
volume of 

water (cm3) 

dry soil 
mass (g) 

soil bulk 
density 
(g/cm3) 

VWC 
(cm3/cm3) 

1 387.500 65.918 12.315 80.790 78.149 2.641 12.231 0.993 0.214 
2 371.096 66.524 12.315 80.543 77.841 2.702 11.317 0.919 0.219 
3 426.458 66.117 12.315 79.841 76.644 3.197 10.527 0.855 0.260 
4 492.271 66.014 12.315 79.994 76.224 3.770 10.210 0.829 0.306 
5 602.526 66.607 12.315 83.375 78.601 4.773 11.994 0.974 0.388 
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Runoff 

Runoff from both the conventional roof and green roof is measured using flow 

measurement devices designed and fabricated at the Ven Te Chow Hydrosystems 

Laboratory.  Several options for runoff measurement were considered, including:  tipping 

bucket devices located at external downspouts, electromagnetic flow meters and a 

Wenzel flume (Wenzel, 1973).  These options were eventually abandoned due to 

prohibitive cost and/or issues associated with retrofitting the cast iron drain pipes, which 

run through the interior of the building above occupied space.  The final design is a 

multi-stage combination weir and orifice that is retrofit to the existing roof drain. This 

design includes a 28 cm (11 inch) diameter, 1.3 cm (0.5 inch) thick PVC plate.  Running 

through the center of the plate down into the drain pipe is a vertical 10 cm (4 inch) length 

of 10 cm (4 inch) PVC pipe (Figs 18-20).  For low flow conditions a series of six, 0.64 

cm (0.25 inch) orifices were drilled in the pipe - two with center line 0.32 cm (0.125 

inches) above the plate and four with center line 0.95 cm (0.375 inches) above the plate – 

to convey the flow to the drain pipe.  For larger flows a scalloped, sharp crested weir 

conveys flows in excess of the capacity of the six orifices.  The crest of the weir is 

approximately 2.2-2.5 cm above the plate.   
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Figure 18.  Plan view of multi-stage combination weir and orifice flow measurement device 

 

 

Pressure 
transducer 
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Figure 19.  Iso view of multi-stage combination weir and orifice flow measurement device 
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Figure 20.  Profile view of multi-stage combination weir and orifice flow measurement device 

 

A pressure transducer (Keller America, Inc. Acculevel), see Fig 21, is recessed 3.8 cm 

below the surface of the plate and measures depth of runoff. Table 10 shows the 

specifications for the pressure transducer (Keller America, Inc., 2008).  The 28 cm (11 

inch) diameter plate is designed to sit on top of the operational roof drain flashing with 

the transducer sending data back to the datalogger.  The plate is caulked in place to insure 

all flow passes through the meter.  Due to non-uniformity in the fabrication, each device 

was calibrated separately. 

 

Orifice 
Scalloped 

weir 

Plate 
Transducer 

sump 
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Figure 21.  Keller America, Inc. Acculevel pressure transducer 

 
 
 
Table 10.  Acculevel specifications (Keller America, Inc., 2008) 

  Acculevel 
Pressure Range 0-90 cm WC*

Precision 0.25% 
* WC = water column 
 
 

Calibration of each flow measurement device (CR1, GR1, GR2, and GR3) was 

performed in the Ven Te Chow Hydrosystems Laboratory using both volumetric 

measurements and a 5.1 cm (2 inch) electromagnetic flow meter (McCrometer 

UltraMag).  The flow measurement device calibration set up can be seen in Fig. 22. 
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Figure 22.   Flow measurement device calibration set up 

 

Volumetric flow measurements were performed using a stopwatch and known volume 

container for lower flows ranging from 0.3 liters/minute to 40 liters/minute.  The 

electromagnetic flow meter was used for higher flows (7 l/min to 400 l/min).  A total of 

237 calibration runs were performed for all of the meters.  Most runs were replicated at 

least once, replicate flows were averaged.  

 

Rating curves were created using Matlab’s Curve Fitting Toolbox.  Smoothing splines, a 

nonparametric fitting method, were fit to each flow meter calibration dataset.  The four 

rating curves for the multi-stage combination orifice and weir flow meters with 

calibration data can be seen in Figs 23-26.  Confidence intervals were calculated using 

the Bootstrap method (Efron and Tibshirani, 1993).  A random sampling, with 

replication, of a subset of 90% of the each calibration dataset was used to perform 1000 

iterations of the smoothing spline curve fitting for each rating curve.  Standard error was 
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calculated using all curve fitting iterations at each original data point.  Assuming a 

standard normal distribution, the 90% confidence intervals can be calculated. 

 

The transition between lower orifice and scalloped weir flow can be seen in the change of 

the rating curve slope between approximately 5 and 30 l/min.  Furthermore, at higher 

flows (>200 l/min) with runoff depth above the scalloped weir a change in slope can be 

seen where the flow transitions from weir flow to orifice flow due to the weir becoming 

submerged (Figs 23-26).  It is also important to note that the y-axis on all of the rating 

curves is transducer output (cm) and not flow depth above the plate.  Also runoff depths 

greater than approximately 10 cm from the conventional roof will begin to flow over the 

overflow drain ring, thus making the rating curve void.  This depth is approximately 15-

16 cm for the green roof rating curves.  
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Figure 23.  CR1, conventional roof, rating curve for multi-stage combination weir and orifice flow meter 
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Figure 24.  GR1, green roof, rating curve for multi-stage combination weir and orifice flow meter 
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Figure 25.  GR2, green roof, rating curve for multi-stage combination weir and orifice flow meter 
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Figure 26.  GR3, green roof, rating curve for multi-stage combination weir and orifice flow meter 
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Table 11 shows goodness of fit data (error sum of squares and standard error) for the 

rating curves.   Standard error was calculated using the equations presented in previous 

section, while error sum of squares (SSE) was calculated using the following equation 

(Helsel and Hirsch, 1991): 

2

1
                                                                                                    (3.8)

n

i
i

SSE e
=

= ∑  

 
Table 11.  Goodness of fit data for rating curves 

Rating Curve CR1 GR1 GR2 GR3 
Error sum of squares  (l/min)2 1475.6 9662.1 1867.4 617.6 
Standard error  (l/min) 7.8 13.0 7.6 4.9 
 
Runoff rate can be calculated using a Matlab script, which utilizes the fit for each rating 

curve, after runoff depth data is loaded into Matlab for a given runoff event. 

 
 
Atmospheric Particulate Deposition 

Deposition of particles from the atmosphere is measured using a glass funnel, housing 

and a cartridge containing Amberlite resin, see Fig. 27.  The key constituents being 

monitored are polycyclic aromatic hydrocarbons (PAHs), nutrients and trace metals.  

PAH analysis are being performed using the Gas chromatography-mass spectrometry 

(GC-MS) method.   
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Figure 27.  Side (left) and top (right) view of passive atmospheric sampler deployed on green roof 

 
 
 
Water-quality 

Water-quality samples are collected at both the conventional roof and green roof using 

Isco automated samplers.  An Isco 3700 portable sampler with 24, 1000 mL 

polypropolene bottles collects samples from conventional roof runoff, while an Isco 2900 

portable sampler with 12, 350 mL bottles collects sampler from green roof drain GR2.  

Water quality samples will be analyzed for PAHs, nutrients and trace metals.   

 

A sampling routine collects samples at discrete runoff volumes based on precipitation 

depth and contributing runoff area.  The goal of the sampling routine is to capture the 

“first flush” of pollutants as well as samples at less frequent intervals later in the event. 

Samples are collected at precipitation depths of: 0.254 cm (0.1 in), 1.27 cm (0.5 in), 2.54 

cm (1.0 in), 5.08 cm (2.0 in), 7.62 cm (3.0 in) and at one-inch increments thereafter,  
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depending on the amount of runoff.  Samples are taken when a specified runoff volume is 

reached by sending an electric pulse to the sampler.  Once the pulse is received, a 

peristaltic pump is actuated to retrieve the sample from the roof drain. 

 
 
 
 
Preliminary Data, Modeling, and Discussion 

 

Data from the green roof have been collected since August 2008 with the initial 

configuration collecting rainfall at the green roof and soil moisture and temperature at 

two depths in Bed 3 of the green roof.  Over time more components have been added to 

the system to achieve the complete roof top monitoring system. 

 

A series of rain events in October, 2010 resulted in 17.8 mm of rainfall in 5 days (Fig. 

28).  Data from the conventional and green roofs were examined for this period.  In 

addition, the HYDRUS1D model (Simunek et al., 2005) was used to simulate vadose-

zone flow in the green roof.  While further calibration to additional storms is still 

required, the initial results (Figs. 29-31) are promising.  The model is tracking the 

behavior of both the runoff from the green roof and the volumetric soil moisture content 

observed during this series of storms. 
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Figure 28.  Rainfall observed at green roof monitoring station October 13-18, 2009. 
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Figure 29.  Runoff observed at conventional and green roof monitoring sites October 13-18, 2009. 
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Figure 30.  Simulated water flux into surface and out of bottom of green roof, October 13-18, 2009. 

 
The observed data show a 43 percent reduction in the volume of runoff from the green 
roof (per unit surface area) compared to the conventional roof.   
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Figure 31.  Simulated and observed volumetric moisture content of green roof soil, October 13-18, 
2009. 

 
 
Future Work and Conclusions 

 

 
Preliminary analysis of the data show exceptional hydrologic performance, better than 

much of what is presented in the literature.  Results for the green roof from the period in 

October 2009 show over 40 percent retention and peakflow reduction of 78%.   
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Even more interesting, and much rarer in the literature is the comparison of rainfall 

runoff and volumetric water content of the growing media. Development of a model to 

simulate the vadose-zone processes in the green roof during storm events is anticipated to 

provide valuable understanding of the hydrologic processes occurring on green roofs. 

 

General characteristics of the BIF green roof performance for a limited number of storm 

events can be drawn, such as:  the reduction in runoff volume, reduction in peakflow and 

delay to peakflow.  However, more rigorous analysis of the data is required in hopes of 

better illuminating process scale relationships.  Also, analysis of a wider variety of storms 

is desired, and will be fulfilled over the long term, to draw strong conclusions regarding 

green roof performance under a number of conditions.  The monitoring of the BIF green 

roof is continuing and will provide data to examine a wide range of storm events, 

sequences of storm events and dry periods, different climatic and seasonal effects, 

changes as the vegetation becomes more established, etc.  We anticipate a number of 

interesting and informative studies to arise from this monitoring and modeling study. 
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