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Abstract
The micro-climate of a domestic residential landscape can affect both the energy use of the dwelling and the human thermal
comfort within that landscape. Radiant energy produced from, or reduced by different landscape elements such as trees, and hard
and soft surfaces, directly affects the amount of heat incident on the walls of the residence or on people present in the garden.
Quantifying this energy will enable the development of a relative scale of thermal performance for these elements and
consequently for the landscape as a whole. This gives a measured consequence for each landscape design, allowing comparisons
and hopefully improvements, between and within designs.
Radiant energy is produced from direct or diffuse solar short wave and infrared radiation and longwave radiation from heated
landscape elements. This paper presents a technique which has been developed for inexpensively and easily estimating the
amount of incident radiation reduced by cloud and by three different tree types. The measurement surfaces of cheap temperature
sensors with data logging capabilities (iButtons) were coated with either a white gloss or a matt black paint. White gloss paint has
an emissivity of ~0.9 in the longwave spectrum but only ~0.3 in the short wave, whereas matt black paint has an emissivity of
~0.95 for both and can be used to detect both short and long wave radiation. The temperature difference between the two gives a
measure of the amount of shortwave radiation or visible light. This enabled measurements of cloud shade and local plant shade,
and an estimation of the quantity of that shade when compared with full sky exposed reference iButtons. The iButtons can be
mounted concurrently at numerous points around a house envelope or in a landscape, at multiple house locations to determine the
quantity of shade provided by different native and introduced plant species.
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Introduction
The microclimate of a residential landscape can have a significant influence on increasing resilience (social,
economic and ecological) and reducing emissions ([1], [2]). The landscape has an effect on the emissions produced
by the residence through cooling and heating requirements; shade reduces the amount of radiant heat on surfaces
thus reducing absorbed, re-radiated and reflected heat; transpiration from vegetation increases cooling; permeable
surfaces increase the amount of water available to vegetation, increasing transpiration rates; trees planted together
can create wind breaks, moderating hot or cold breezes ([3], [4], [5],[6]). These effects increase the resilience of the
homeowner economically through reduced energy costs, and health-wise through a cooler home environment (lower
heat stress) both within the landscape and inside the residence ([1]). Ecosystem services provided by gardens go
beyond those of thermal services to include aesthetic appeal, improved air quality, biodiversity, water and wind
management, food production and many more ([7], [8]). For example, green landscapes are also associated with
reduced stress and increased mental health - substantiating the concept of biophilic design ([9], [10], [11]), however
the thermal effects are more easily quantified and in this paper will form a starting point for landscape comparisons.
Comprehensive research has been done on the effects of both shade trees and light coloured surfaces in reducing
energy use by homeowners and increasing human thermal comfort. The [12] report from fieldwork, that strategically
planted trees and shrubs could typically reduce summer air conditioning costs by 15-35% and up to 50% is some
situations; other more recent studies based on both computer modelling and fieldwork have found similar results
([13] show a reduction of 20% due to urban trees and high-albedo surfaces; [2] and [14] show tree shade is
associated with reduced electricity consumption in summertime depending on tree location; [15] state that trees can
contribute 167kWh/tree of electricity savings). [16], [17] and [3] report reduction in energy use and improvement in
Human Thermal Comfort due to green infrastructure. [18] found that trees could reduce heat stress from ‘very
strong’ to ‘strong’. [19] found air conditioning requirements were reduced by using rooves of higher total solar
reflectance, as did [20]. [21] showed tree shade could reduce surface temperatures of buildings by up to 9°C. This
body of knowledge would be improved by measuring and modelling the thermal properties of more types of
landscape elements and their relative positions within a residential landscape (particularly where tree shade is not
possible) to both reduce energy use and improve human thermal comfort.
[6] studied the effect of using vines to shade the walls of houses. He used thermocouples attached to sheets
(10x15cm) of aluminium backed with styrofoam as the “walls” behind the vines and recorded data using a data
logger over a period of several years. The aluminium was painted either dark brown or white to simulate dark or
light wall colours. In much the same way, this study uses self-logging temperature sensors painted either black or
white to examine the incident radiation under conditions of full sun, tree shade and cloud shade. Although
instrumentation is commercially available to measure both long and short wave radiation (pyrgeometers;
pyranometers), and to measure quality of tree shade (LAI-2200 [22]; hemispherical photography), they are relatively
expensive which limits the amount of measurements which can be done concurrently. By designing a cheaper
alternative, multiple landscapes can be monitored over different seasons, providing a much larger data set for
analysis.
Nomenclature
JH
SR
LWR
SWR
TB
TW

Josh Byrnes’ House
solar radiation, includes direct and diffuse
longwave radiation, 3 - 100μm
shortwave radiation, 0.1-3μm
Temperature of the black painted iButton
Temperature of the white painted iButton
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1. Methods
1.1. Calibration Methods
The company Maxim Integrated produces a product called an iButton. This a computer chip enclosed in a 16mm
diameter stainless steel can. The Thermochron is an iButton which can measure temperature and logs this data over
time with parameters being user controlled through computer connection of a 1-Wire interface. The small size,
reliability, accuracy and durability of the iButton makes it eminently suitable for scientific fieldwork.
The top surface of one iButton was painted black using a matt black PVC paint (estimated solar absorptivity 0.95,
emissivity 0.95). This iButton absorbed almost all the incident radiation, regardless of wavelength. One other
iButton was painted with a white gloss PVC paint (estimated solar absorptivity 0.3, emissivity 0.90). This iButton
absorbed almost all the incident LWR and reflected approximately 70% of the SWR or visible light. The
temperature difference between these iButtons gives an estimation of the amount of incident SWR or visible light.
The iButtons were mounted in individual polystyrene block of dimensions ~40 x 40 x 20mm and were slightly
recessed within this block by about 1mm. Each block was then covered with Gladwrap leaving a small air gap to the
surface of the iButton. Gladwrap was used to prevent convective losses and is a suitable plastic (Polyethylene) to
use, being a very good transmitter of both LWR and SWR [23].
The back of each polystyrene block was attached to a wooden mounting block using Velcro. The iButtons were
attached with their surface horizontally facing skywards. Measurements were done at JH. The wooden block was
fixed approximately 3m above ground level at the north-west side of the house to give a clear sky view throughout
the day. Monitoring was done over a period of 12 days with a 10min sampling rate. Concurrent readings were taken
from JH pyranometer (SolData 80spc, range 0.3 – 1.15 μm)[24, 25].
1.2. Tree shade methods
Four iButtons were painted black and four painted white. One set of iButtons consisted of one black and one
white iButton recessed in their polystyrene blocks, covered with Gladwrap and mounted on a wooden block with
their surfaces horizontally facing upwards. One set was placed about 2m high and such that it would have a clear
sky view for the whole day. This was the reference set which enabled cloud shade if any, to be determined. The
second set was placed ~2m to the south of a peach tree such that it would receive shade from this for the middle part
of the day. This tree had lost its leaves and was classified as providing light shade. A third set was placed similarly
to the second set ~2m to the south of a very young acacia saligna (Western Australian golden wattle). This tree
provided moderate shade. A fourth set was placed directly under an adenanthos cunninghamii (prostrate
woollybush) and was under heavy shade for most of the day. Monitoring was done for a period of 4 days at a
sampling rate of 10 mins. A GoPro was set up to take visual images of the second set of iButtons to establish the
times of tree shading. This test was repeated on another day for comparison, with the iButtons located in
approximately the same locations (Figure 1).
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Figure 1 Images of the reference iButtons, iButtons under heavy, medium and light shade respectively.

2. Results
2.1. Estimating the amount of cloud shade
2.1.1. Calibration curve
Graphs of solar radiation and the temperature difference between the black and the white iButtons (
)
versus time of day were examined visually for their similarities. From these it was apparent that when the cloud
passes over the sun, the pyranometer registers this decrease in radiation at a faster rate than the iButtons – estimated
to be somewhere between 1 and 10 minutes. (A finer grained estimation is not possible as the sampling intervals
were 10min.). Similarly, after the cloud had passed, the pyranometer readings increased at a faster rate than the
iButtons. In other words, the response time of the instruments is different. This is due to the pyranometer using a
photovoltaic cell to measure light radiation (readings are almost instantaneous), whereas the iButtons are measuring
heat and their thermal mass affects their response time. An example of this effect is shown in Figure 2. Another
factor affecting the apparent response time is the time at which readings are taken by the pyranometer and the
iButtons. These times can differ slightly due to experimental start-up conditions, meaning that the two readings can
be out by 1 – 2 minutes.
To artificially increase the response time of the pyranometer, a 2-point moving average was used on JH SR (see
the curve added in Figure 2). The averaged JH SR data were then used in the calibration curves.

Figure 2 Comparison of solar radiation at JH with Black and White iButton temperatures 06:20am - 18:40 pm on 20/03/2016. This day has cloud
from 11:20am - 12:10pm. Shows 2 point moving average.

To calibrate the readings of the iButtons against the readings from the pyranometer, a graph of solar radiation
versus
was plotted for data from only clear skies. The data used was from a test at JH from 12/3/2016 to
24/3/2016 (Figure 3). Clear skies were determined by visual examination of the solar radiation data and choosing the
data which followed a smooth sinusoidal pattern. The linear fit to this was:

56.772 ∗

17.407

(1)
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with an R2 value of 0.9857.
Comparison of Solar radiation at JH with horizontally upwards facing Black minus White iButton temperatures at JH
ALL DAYS* ‐ daytime and clear skies only (06:20 ‐ 18:40)
daytime, clear skies only

Linear (daytime, clear skies only)

1200

*Days included:
12/3/2016
13/3/2016
14/3/2016
16/3/2016
17/3/2016
20/3/2016
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Solar radiation (W/m2 )
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y = 56.772x + 17.407
R² = 0.9857
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600
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Temperature difference due to direct solar radiation (DegC)

Figure 3 Solar radiation at JH versus horizontally upwards facing Black minus White iButton temperature at JH. ALL DAYS* - daytime and
clear skies only (06:20 - 18:40).

To examine the effect of cloud shade, a graph was plotted for one day (20/3/2016 as per Figure 2) during this test
where there were mostly clear skies but which had a short period of cloud around the middle of the day (Figure 4). It
would be expected that the points relating to the time of cloud shade would lie on the clear sky line but at a lower
radiation level as there would be less solar radiation incident on both the pyranometer and the iButtons during this
time. In this case however, the cloudy data points were also scattered at a distance from the main line. This
discrepancy can be explained when looking at the raw time based data of the solar radiation and the black and white
iButton temperatures and their differing response times as described earlier (Figure 2). The error in the pyranometer
due to forward scattering from heavy cloud can be as much as 10-20% [24] so this will also significantly influence
the scatter in the cloudy data.
Comparison of Solar radiation at JH with (Black iButton minus white iButton temperature at JH)
06:20am ‐ 18:40 pm on 20/03/2016. This day has cloud from 11:20am ‐ 12:10pm
black‐white clear skies
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Figure 4 Solar radiation at JH versus horizontally upwards facing Black minus white iButton temperature at JH. 06:20am - 18:40 pm on
20/03/2016. This day has cloud from 11:20am - 12:10pm.

Comparison of Solar radiation at JH with (Black iButton temperature minus White iButton temperature at JH)
12/3/2016 ‐ 24/3/2016, comparing daytime heavy coud times with clear skies (06:20 ‐ 18:40)
daytime heavy cloud only
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Figure 5 Solar radiation at JH versus (horizontally upwards facing Black minus White iButton temperature at JH) 12/3/2016 – 24/3/2016 clear
skies only and 19/3/2016 and 23/3/2016 daytime heavy cloud only (06:20 - 18:40).

To minimise the effects of both the different response times and the different off-set times, a similar graph was
plotted for two days during this test (19/3/2016 and 23/3/2016) where the cloud shade was consistently quite heavy
(as determined by the solar radiation readings from the pyranometer being below 400 W/m2 for most of the day).
This is shown in Figure 5 as a comparison to the clear sky data. The linear fit to this curve was:
56.788 ∗

9.0214

(2)

with an R2 value of 0.9589.
The similarity between the curves shows that under conditions of cloudy or clear skies, the relationship between
the temperature difference of the black and the white iButton is consistent with the solar radiation they receive. With
the clear sky data giving more accurate measurements, the linear fit (trendline) from this data (Equation 1) was thus
used as the calibration curve for solar radiation versus
.
The uncertainty in the solar radiation measurements from this trendline is 34.6 W/m2 which gives a percentage
uncertainty of 10% or less for solar radiation values greater than 350 W/m2. Below 350 W/m2 the error becomes
significantly worse and the calibration curve would be of decreasing value.
All night time data (SR = 0 W/m2) of
was between -1.0 and 0.5 °C indicating that within the accuracy of
the iButtons (±1°C, or ±0.5°C, depending on the type used), the emission of longwave radiation from both black and
white iButtons is the same.
2.1.2. Generating a clear sky radiation table
This calibration curve (Equation 1) was used to calculate the amount of radiation incident on the iButtons given a
measured
at a particular date and time. If the solar radiation incident under clear skies in Perth at that same
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time and day of the month were known then the fraction of radiation actually incident (as determined from the
iButtons) could be calculated. This would give a quantitative measure of cloud shade.
In lieu of going into the complexity of modelling incident solar radiation for all times and days of the year,
existing pyranometer data for a two year period was used to generate a table of solar radiation incident on Perth
versus time of day and year. The data from JH during 2014 and 2015 were used to extract three whole clear sky days
of radiation data per month, with the days spread as evenly as possible across each month, for a one year period. It
was assumed that the variation in radiation readings at each time of day, over the timeframe of a third of a month,
would not be significant. To confirm this, an example of three days clear sky radiation is shown in Figure 6.

Difference betwen JH solar radiation on three different days in March
JH SR from 23/3
1200

Solar radiation (W/m2)

1000

800

JH SR from 10/3

JH SR from 5/3

The maximum difference between SR
reference data at the same times in this
month is 10%. Based on calculations,
over all months the difference between
measured SR and reference SR will be
less than 7%.

600

400

200

0

4:48

7:12

9:36

12:00

14:24

16:48

19:12

Time

Figure 6 Three days of clear sky radiation from JH SR in the month of March.

The maximum number of days between each clear sky reference day was 17, (with the average being 10 days),
which means that the maximum number of days between measured and reference data would be half of this (8.5).
Looking at all reference data which were less than 9 days apart showed that the maximum difference between SR
reference readings was 7%. Hence the error in comparing measured data to the reference data would be less than
7%, but on average around 4% (looking at data from less than 5 days apart).
This extracted year of data was used as a lookup table for measurements done at a particular time and for the date
closest to the extracted data as possible. This gave the solar radiation expected to be incident on the iButtons at that
time which was then compared with the radiation calculated from Equation 1. The resultant fraction of measured
radiation over clear sky radiation quantified the percent cloud shade according to:
%

1

%

(3)

where
is the solar radiation determined from the
calibration curve and
solar radiation extracted for the same day and time from the existing pyranometer data for clear skies.
The uncertainty in the % cloud shade is calculated from the uncertainty in SR
uncertainty in
(up to 7%) and is approximately 12%.

is the

(up to 10%) and the
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As an example, the % cloud shade for the 20/3/2016 as per Figure 2 is plotted in Figure 7 where the errors during
the clear sky part of the day can be seen to be up to ~10%.

JH solar radiation and the % Cloud shade calculated from reference clear skies data on
20/3/2016

Solar radiation (W/m2)

% cloud shade
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JH SR measured
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4:48:00 AM

0%

Figure 7 JH solar radiation and the % Cloud shade calculated from reference clear skies data on 20/3/2016.

2.2. Estimating the quantity of tree shade
Data from the reference black and white iButtons were compared with those measured under the light, medium
and heavy tree shade over the times of shading for each of the five periods of sampling. The area under the
curves were calculated. This gave a number proportional to the amount of energy received by the iButtons over
time. This was based on the fact that
is linearly proportional to the incident radiation as shown by the
calibration curve (Equation 1). The percent shade was then calculated using:

%

1

%

(4)

Table 1. The shade quality measured under three different tree types: Light shade - peach tree with no leaves; medium –
acacia saligna; heavy – adenanthos cunninghamii.
Date

Light

Medium

Heavy

24/05/2016

17%

64%

80%

25/05/2016

9%

73%

90%

26/05/2016

16%

61%

71%

27/05/2016

6%

75%

91%

31/05/2016

26%

65%

88%

Average % shade (Stdev%)

15% (8%)

68% (6%)

84% (9%)

The uncertainty in the iButton measurements (
±1.0°C and temperatures from 14 to 35°C).

) is between 4 and 10% (assuming their precision is
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3. Discussion and conclusion
Tests have shown that the temperature difference between a black and a white painted iButton (
) remains
linearly proportional to the amount of incident solar radiation, regardless of the quantity or quality of cloud cover.
The following are three conclusions which can be drawn from these results.
Firstly, when the amount of solar radiation which would be incident if it were a clear day is compared to this
measured temperature difference at a particular time of day and year, the percent of cloud shade present at that
moment can be calculated. Although the error in these measurements is up to 12% (for solar radiation of greater than
350 W/m2), the cheap cost of iButtons means that they could be used to approximate the more accurate and
expensive solar pyranometer in field work where measurement at a number of test sites may be required
concurrently. The accuracy of this would be improved if the particular iButtons to be used were initially calibrated
against a solar pyranometer to generate their own calibration curve, as it is expected that the calibration curve would
vary slightly depending on the individual iButtons used.
Secondly, (and the main use of these measurements) is that a pair of horizontally facing full sky black and white
painted iButtons can be used as a reference when investigating the quality of shade incident on another pair of
horizontally upwards facing black and white iButtons. This is due to their linear response to the amount of incident
radiation as shown by the calibration curve. The reference set of iButtons can be easily located on the same
measurement site as the other iButtons and would be responding to the same incident solar radiation, making them
more indicative of local conditions than solar pyranometer readings from a fixed reference site possibly located a
few kilometres away.
Thirdly, in a similar manner, a pair of horizontally upwards facing black and white iButtons underneath a tree or
shrub is able to give an approximate measure of the quality of shading from that plant by comparing with the
from a reference pair of iButtons. The cost of these measurements is minimal and because they can be
taken over a longer period of time (several hours), they reduce the impact of sun flecks and leaf orientation on the
result.
A limitation to consider when using this iButton system are the fairly large radiation losses of the black iButton
due to its small size (experiments showed up to 30% loss when compared with an iButton placed at the back of a
black painted aluminium plate of size 23 x 37 cm, around twice the size of the plate used by [6]). The smaller
iButtons however, are more suited to tree shade measurements as the black and white need to be very close together
to negate effects of parallax on the incident radiation through tree branches and leaves. The method of comparing
the iButtons under a tree or cloud with the reference iButtons, means the effect of these radiation losses would be
minimal.
Another consideration is that if the solar absorptivity of the white paint were closer to 0 (i.e. more reflective in
the visible wavelengths), then the value of
would more accurately measure the incident SWR (with an
absorptivity of ~0.3, the white paint used here absorbs some of the incident SWR). For the current measurements
however, the calibration of
against the known solar radiation, allows
to be used without having to
determine the absolute value of the SWR.
In conclusion, the iButtons could be used for further investigation of the shading quality of different common
types of native and introduced species of trees and shrubs. These measurements would relate directly to the amount
of incident radiation the plants are reducing from both the ground (landscape) and/or house walls, which can affect
both the human thermal comfort within that landscape and the energy use of the dwelling.
References
[1] T. McPhearson, E. Andersson, T. Elmqvist, N. Frantzeskaki, Resilience of and through urban ecosystem services, Ecosystem Services, (2014).

10

J. Loveday et al. / Procedia Engineering 00 (2017) 000–000

[2] R. Pandit, D.N. Laband, Energy savings from tree shade, Ecological Economics, 69 (2010) 1324-1329.
[3] A. Hunter Block, S.J. Livesley, N.S.G. Williams, Responding to the Urban Heat Island: A Review of the Potential of Green Infrastructure, in,
University of Melbourne, Burnley Campus and Victorian Centre for Climate Change Adaptation, (2012).
[4] SITES, (2014), Accessed 11/02/2015, http://www.sustainablesites.org/benefits/ecosystemservices
[5] E.G. McPherson, L.P. Herrington, G.M. Heisler, Impacts of vegetation on residential heating and cooling, Energy and Buildings, 12 (1988)
41-51.
[6] S.A. Sandifer, The use of landscape elements in passive cooling strategies for buildings, in, University of California, Los Angeles, Ann Arbor,
(2007), pp. 213.
[7] Millennium Ecosystem Assessment, Millennium Ecosystem Assessment, (2015), Accessed 24/5/2015,
http://www.unep.org/maweb/en/About.aspx#
[8] B.L. Ong, Green plot ratio: an ecological measure for architecture and urban planning, Landscape and Urban Planning, 63 (2003) 197-211.
[9] I. Alcock, M.P. White, B.W. Wheeler, L.E. Fleming, M.H. Depledge, Longitudinal Effects on Mental Health of Moving to Greener and Less
Green Urban Areas, Environmental Science & Technology, 48 (2014) 1247-1255.
[10] C. Ward Thompson, J. Roe, P. Aspinall, R. Mitchell, A. Clow, D. Miller, More green space is linked to less stress in deprived communities:
Evidence from salivary cortisol patterns, Landscape and Urban Planning, 105 (2012) 221-229.
[11] B. Grinde, G.G. Patil, Biophilia: Does Visual Contact with Nature Impact on Health and Well-Being?, International Journal of
Environmental Research and Public Health, 6 (2009) 2332-2343.
[12] USEPA, Cooling Our Communities: A Guidebook on Tree Planting and Light Colored Surfacing, U.S. Environmental Protection Agency,
Office of Policy and Analysis, Climate Change Division, 1992.
[13] H. Akbari, M. Pomerantz, H. Taha, Cool surfaces and shade trees to reduce energy use and improve air quality in urban areas, Solar Energy,
70 (2001) 295-310.
[14] G.H. Donovan, D.T. Butry, The value of shade: Estimating the effect of urban trees on summertime electricity use, Energy and Buildings, 41
(2009) 662-668.
[15] M. Sawka, A.A. Millward, J. McKay, M. Sarkovich, Growing summer energy conservation through residential tree planting, Landscape and
Urban Planning, 113 (2013) 1-9.
[16] B. Norton, K. Bosomworth, A. Coutts, N. Williams, S. Livesley, A. Trundle, R. Harris, D. McEvoy, Planning for a Cooler Future: Green
Infrastructure to Reduce Urban Heat, in: Climate Adaptation for Decision-makers, Victorian Centre for Climate Change Adaption Research,
(2013).
[17] A. Millward, M. Torchia, A. Laursen, L. Rothman, Vegetation Placement for Summer Built Surface Temperature Moderation in an Urban
Microclimate, Environmental Management, 53 (2014) 1043-1057.
[18] A. Coutts, M. Loughnan, N. Tapper, E. White, J. Thom, A. Broadbent, R. Harris, The impacts of WSUD solutions on human thermal
comfort, in: Green Cities and Micro-climate - B3.1 -2-2014, CRC for Water Sensitive Cities, (2014).
[19] W. Saman, J. Boland, S. Pullen, R. de Dear, V. Soebarto, W. Miller, B. Pocock, M. Belusko, F. Bruno, D. Whaley, J. Pockett, H. Bennetts, B.
Ridley, J. Palmer, J. Zuo, T. Ma, N. Chileshe, N. Skinner, J. Chapman, N. Vujinovic, M. Walsh, C. Candido, M. Deuble, A framework for
adaptation of Australian households to heat waves, in, University of South Australia, Queensland University of Technology, University of
Sydney, University of Adelaide, National Climate Change Adaptation Research Facility, Gold Coast, (2013), pp. 242.
[20] H. Akbari, R. Levinson, A. Rosenfeld, M. Elliot, Global Cooling: Policies to Cool the World and Offset Global Warming from CO2 Using
Reflective Roofs and Pavements, in: Second International Conference on Countermeasures to Urban Heat Islands, (2009).
[21] R. Berry, S.J. Livesley, L. Aye, Tree canopy shade impacts on solar irradiance received by building walls and their surface temperature,
Building and Environment, 69 (2013) 91-100.
[22] LI-COR, LAI-2200 Plant Canopy Analyzer, Accessed Sep, 2015, https://www.licor.com/env/products/leaf_area/LAI-2200/
[23] S. Krimm, C.Y. Liang, G.B.B.M. Sutherland, Infrared Spectra of High Polymers. II. Polyethylene*, The Journal of Chemical Physcis,
Volume 25 (1956).
[24] SolData, SolData Pyranometer 80spc USER’S GUIDE, Accessed Jan, 2016, http://www.soldata.dk/PDF-NYE/80spc-pyranometer.pdf
[25] J. Byrne, Josh's House Operational Performance Database, (2013), Accessed Jan, 2016,
http://joshsdata.buzzware.com.au/JoshsHouseResearchDataDocumentation.pdf

