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Abstract 

 
A solar radiation measurement network is being established in Canberra, 
Australia, on the Australian National University campus.  The network will 
provide measurements of direct, diffuse, and global irradiance with 
spatial separation of 300–1500 m at sub-minute time intervals.  The 
network has been designed to acquire the data required for developing 
few-minute-ahead forecasts of solar energy for the region by determining 
the impacts of clouds on surface irradiance.  Operational design for this 
urban network has involved consideration of and trade-offs amongst 
Heritage concerns, Operational Health & Safety requirements, scientific 
preferences, and infrastructure. 
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1 Introduction  
 

Electricity production from solar photovoltaic (PV) systems is inherently variable 
as the solar irradiance at the Earth’s surface varies on interannual, seasonal, diurnal, 
and shorter time scales.  This variability can affect the stability of an electricity 
network, optimal selection of generation mix, and return on investment. 
Consequently, forecasting electricity generation from PV systems is becoming 
increasingly important for generators and network operators.  Forecasting on few-
minute-ahead time scales is important for finalising bids in Australia’s National 
Electricity Market (NEM), and clouds are a primary source of short-term variability 
that is presently not forecast adequately.  Characterising the impacts of clouds on 
spatial and temporal scales relevant to electricity generators and network operators 
requires observations at high temporal and spatial resolutions but only a few 
measurement networks worldwide have this capability.   

 
Five networks have been described that have comparably high spatial and 

temporal sampling density.  The National Renewable Energy Laboratory (NREL) 
distributed 17 global horizontal irradiance (GHI) pyranometers (one-second time-
synchronised sampling) and one rotating shadowband radiometer (three-second 
sampling of GHI and the diffuse irradiance) over a 1 x 1 km2 area near the Oahu, 
Hawaii, airport [1,2,3].  Baselines between pairs of pyranometers ranged from 100 to 
1200 m.  The network commenced operation in March 2010.   

 
In early 2012 NREL and Florida Power and Light installed two similar 

measurement networks at FPL’s DeSoto Next Generation Solar Energy Center near 
Arcadia, Florida [4].  One network had GHI pyranometers at 17 locations across a 
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1.2 x 1.2 km2 area with plane-of-array (POA) pyranometers mounted on a single-
axle-tracked PV panel near each. The other had 15 GHI pyranometers distributed in 
four groups across a separate 5 x 8 km2 region.  Fixed tilt pyranometers were 
installed at some locations.  All pyranometers report data at time-synchronised one-
second intervals.   

 
Japan’s New Energy and Industrial Technology Development Organization 

(NEDO) installed six GHI pyranometers and 553 rooftop PV systems within a 0.3 
km2 area in Ota City [5,6].  Power output from each rooftop PV system was recorded 
at one-second intervals over 2006 and 2007.   

 
The University of California San Diego established a solar measurement 

network on campus in 2007.  By 2009 it had six GHI pyranometers recording data at 
one-second intervals distributed over ~ 7 km2 [7].  Baselines between pairs of 
pyranometers ranged from about 600 to 3500 m.  The network now includes 21 
stations across three campuses in San Diego and two off-campus sites [8].   

 
The remainder of this paper sets out the design objectives and requirements for 

ANU’s solar radiation and cloud measurement network, the scientific and practical 
considerations that led to its final design, and its data collection system. 

 
2 Network Design Objectives and Requirements  
 

The ANU Solar Radiation and Cloud Measurement Network (ASRCMN) has 
been designed, primarily, to characterise the impacts of clouds on distributed solar 
electricity generation.  A key application is developing and testing suburb-scale few-
minute-ahead solar forecasting algorithms.  The ASRCMN, in conjunction with a pair 
of traveling secondary-standard pyranometers, is intended to provide a high-quality 
reference point for solar resource assessment in support of the Australian Capital 
Territory (ACT) Government’s decisions to increase solar electricity generation.   

 
A secondary objective for the ASRCMN is to create an outdoor test facility with 

a monitored solar radiation environment for evaluating the real-world performance 
and long-term degradation of a range of commercial and prototype solar energy 
technologies, including PV, hot water, cooling, and thermal.  Another is to integrate 
the ASRCMN broadly into the ANU’s education and outreach programs, such as the 
Campus as a Classroom initiative.  One aspect is linking our efforts with 
sustainability and science education within the ACT primary and secondary schools.   

 
A spatially-distributed network is required to characterise the broad range of 

scales at which clouds can induce spatial variability.  Consequently, the ASRCMN 
samples the total solar irradiance as point measurements (with pyranometers), 
averaged over ~ 2 – 20 m (with PV arrays co-located with the pyranometers), and at 
~ 250 – 1500 m intervals (via measurement sites distributed across the campus).  
Longer baselines can be created by including measurements by CSIRO’s Weather 
and Energy Research Unit (WERU) and the (eventually) ~ 80 PV systems on the 
ACT’s schools.  This range of sampling intervals is needed to quantify the statistical 
distribution of correlation length for the ACT and how the statistical distribution 
changes with atmospheric conditions.  Quantifying the relationship between spatial 
sampling and accuracy is important for citywide forecasting and energy storage.  
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A range of timescales is of interest.  For resource assessment, seasonal and 

longer intervals are important.  At the other extreme, PV cells have response times 
on the order of microseconds, but latencies in inverters and the electrical network will 
limit the fastest changes due to clouds to a few seconds (extrapolated from [9]), the 
timescales at which ancillary services operate.  Bidding and scheduling in Australia’s 
National Electricity Market (NEM) occur on five-minute intervals.  The ASRCMN will 
satisfy most of these requirements by providing data at intervals from a few seconds 
to five minutes, depending on the instrument.   

 
A mixture of measurements is needed in the ASRCMN.  Two pyranometers 

(measuring GHI and diffuse irradiance) and a pyrheliometer (measuring direct 
(beam) irradiance) are recommended by NREL [10] to provide three independent 
measurements of the two components of surface radiation.  The Australian Bureau 
of Meteorology (BoM) does this at its stations.  Spectra from a spectrometer can give 
variations in the spectral distribution of surface radiation and aerosol and ozone 
column abundances.  POA pyranometers record the radiation incident on a tilted PV 
system, a meteorological station records ambient conditions, and sky cameras the 
position, type, size, motion, and (potentially) height of clouds.   

 
3 Local Meteorology  
 

Canberra is situated in the mid-latitudes and thereby embedded in a 
predominantly westerly wind flow.  Westerly to northwesterly surface winds are most 
frequent, Figure 1, with a typically veering vertical wind profile.  Consequently, the 
dominant observed motion of cloud decks is eastward.   

 
Local cloud type varies through the year, as global circulation patterns shift.  In 

summer, the local climate tends to be quite dry, with local meteorology dominated by 
the sub-tropical ridge.  The frequency, coverage and duration of cloud formation is 
notably reduced during this period, due to global circulation driven subsidence. 
During this period, intermittent moderating influences, such as weak cold fronts, 
coastal troughs, and occasionally a remnant tropical depression, can result in 
widespread stratiform cloud cover.  Afternoon convection is common, with 
cumuliform clouds the predominant cloud type.  Cloud bases tend to be higher, on 
average than the winter period, as dry air from the continental interior results in 
reduced mixing ratios for water vapour at the lower levels, Figure 2.   

 
In winter, the polar jet dominates regional circulation as global circulation 

patterns shift equatorward.  During this period, mid-latitude cyclones are the primary 
driver of cloud formation in Canberra.  Broad, stratiform cloud decks are dominant, 
with cloud evolution generally following the classic warm conveyor belt model, with 
high level, cirrus cloud decks arriving first, followed by progressively lower clouds, 
and finishing with liquid-water-dominated stratus, stratocumulus, and nimbostratus 
cloud typology.  Low level moisture is greatly increased, as polar maritime air 
masses from the Southern Ocean frequently transit the region.  As a result, there is a 
notable increase in low level cloud and fog, Figure 2. 

 
4 Instrument Siting and Support  
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No sites on the ANU campus can provide minimally obstructed views to the 
horizon, as recommended [11].  The best available alternatives are the roofs of 
campus buildings, which are less likely to be vandalised.  Seven buildings have solar 
PV systems (~ 1-34 kWp each), two have solar hot water, and at least three further 
buildings are slated to receive solar PV systems.  ANU also has allocated space for 
its concentrating solar thermal (CST) and solar cooling (SC) research efforts.  These 
sites have relatively clear views to the horizon with minimal shading, the PV systems 
provide complementary, useful data, and locations near the CST and SC sites can 
support those research efforts.   

 
The instruments can operate autonomously in remote areas with remote data 

retrieval, but NREL recommends the secondary-standard instrument optics be 
cleaned of dust, etc, at least three times per week and lower-quality instrument 
optics at least twice per month.  This requires routine, ongoing access to the 
instruments and sites that satisfy Occupational Health and Safety (OHS) 
requirements – in particular, working at heights training, harness anchor points or 
safety railings and walkways, flat or gently sloping surfaces, adequate structural 
integrity, and safe means for ingress and egress.  Most potential sites met these 
requirements.   

 
Building infrastructure is a significant consideration for practical operation.  The 

measurement sites require electrical power and communications.  The solar 
radiation measurement instruments require a few watts of power each and have 
relatively low data rates.  The sky cameras being developed in a parallel project 
have higher data rates and require more power for their accompanying computers. 
Most potential sites had mains power on the roof or readily accessible in the building 
interior.  One potential site had ports linked to the campus WAN; few had reliable 
WiFi coverage.  One potential site could not be used because the roof will be 
renovated within two years.   

 
The final practical consideration that impacted instrument siting was Heritage 

listing.  The ANU campus encompasses a number of buildings that have been 
significant in Australia’s or Canberra’s history, including many potential sites.   
 
5 Data Collection  
 

The data collection and instrument control system at each site needs to be able 
to operate semi-autonomously for extended periods of time through all weather 
conditions experienced in Canberra.  Consequently, technical assistance was sought 
from the Electronics Unit at the Research School of Physics and Engineering. 

 
A key ASRCMN design issue was communication with the instruments so their 

health could be monitored, operating parameters updated, and data retrieved.  Direct 
connection at each site onto the ANU IT network would provide reliable, fast, and 
secure communications, but installing compliant connections would cost ~ $5-10k 
per site.  Compliance required the use of standardised commercial grade equipment 
in large weather proof enclosures, fibre optic cables, and optical isolators.  The latter 
two are needed to reduce the susceptibility of the connections to lightning strikes. 
Poor coverage at the desired sites precluded use of the campus wireless network. 
Thus, we decided to use the 3G and GPRS cellular networks.  The ASRCMN’s 
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bandwidth requirements are small enough for the cellular networks to suffice, but this 
introduced additional complexity into the software design. 

 
Power requirements vary based on the exact instrumentation configuration. A 

minimal site with no dew heaters and a 3G modem has a peak consumption of 
approximately 10W, whilst the largest configuration with sun trackers and multiple 
dew heaters easily exceeds 60W. It was decided to use mains power for most sites, 
although locally-generated solar power may be required at a few. 

 
The electronics hardware requirements were determined based on the 

instruments to be installed at the most heavily instrumented site, B141. Each 
pyreliometer contains PT100 temperature sensors and the pyranometers have an 
optional heater unit to reduce the effects of dew.  As the pyreheliometers and 
pyranometers produce a very small voltage (~74uV per watt) it was essential that the 
data acquisition system had both the accuracy and sensitivity to reliably record these 
signals. Other auxiliary considerations were the inclusion of anti-static protection, 
surge protection to harden the system against nearby lightning strikes, a GPS unit 
for time synchronisation, enclosure temperature and humidity sensors to monitor for 
moisture ingress, and the ability to monitor a battery voltage for solar-powered sites. 
Overall, this led to the requirement for at least 12 high resolution, precision analog-
to-digital conversion (ADC) channels and a small number of digital input/output 
channels. A commercially available ADC module was used to reduce development 
time and cost.  However, a custom front-end printed circuit board was developed for 
signal filtering, surge protection, and power supply management. 

 
The main controller that in each unit is a small, single board computer (SBC) 

running Linux. All systems connect to the SBC via USB, including the GPS, ADC 
module, and 3G modem. This controller runs Python code to maintain the internet 
connection, record measurements and log the measurements to the cloud-hosted 
database. The software is also capable of updating acquisition parameters and its 
own firmware via the internet. Linux was chosen based on its reliability and licensing 
cost, as well as the availability of distributions that run on the chosen SBC. Whilst the 
development of this software has been the largest single project cost, it allows the 
installations to operate exactly as desired due to the customisation. 

 
The last significant consideration was the web framework that would host the 

data collected from all sites and sensors. Hosting and maintaining a data server on 
the ANU network would entail significant initial and long-term costs, so we opted for 
the Amazon Web Services platform, in particular a product known as SimpleDB, a 
flat-file database. It is ideal for single, simple large tables, such as the data collected 
by the ASRCMN instruments. Current costs for this service are approximately AU$3 
per site per month and it has proven to be reliable and simple to use . 

 
6 ANU Solar Radiation and Cloud Measurement Network Design  
 

Considering all factors described above, nine sites were selected, Figure 3.  
Sites 1–3 (B32, B141, B58A) form a NNE-SSW axis that is roughly perpendicular to 
the prevailing lower troposphere wind direction, offering good sampling of broken 
clouds as they advect.  Sites 6–9 (B4X, B105, B75F, CEC) provide a second, longer 
N-S axis, and the addition of sites 4–5 (B17, B15) gives good W-E sampling.  The 
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separations between sites range from 30 m to 1.7 km.  Site B32, which includes a 
test platform and sheltered instrumentation room, is used for testing prototype PV 
and SC technologies and had been partially instrumented for earlier projects.  Site 
B58A, adjacent to the CST research facility, requires structural upgrades, so its 
instruments will be deployed temporarily to a rural ANU field station near Uriarra.  
Site B75F is on the Commonwealth Heritage List, so the roof walkway needed to 
meet OHS requirements could not be installed.  Site CEC is the closest location 
where a walkway and instruments could be installed.   

 
As shown in Table 1, a full suite of solar radiation instruments will be deployed 

at Sites B32, B141, and B58A.  Site B32 also has a spectroradiometer.  Sky 
cameras will be deployed at Sites B32, B141, and B15 giving stereoscopic baselines 
of 250 and 500m.  Deployment of a camera at Site B58A will give baselines as long 
as 1.1 km.  Sites B141, B17, B4X, and B75F already had PV systems installed and 
the generation from the PV systems at Sites B141, B17, and B4X was monitored. 
We added a monitored PV system at Site B32, and the ANU plans to add monitored 
PV systems at Sites B15 and B105.  We plan to upgrade the PV system at Site B75F 
to monitor its generation.  Plane-of-array pyranometers will be installed at Sites B32, 
B141, B17, B15, B4X, and B105.   

 
Data from the global pyranometer at Site B32 has been evaluated [12] and is 

available by contacting Christopher Jones.  Data from the spectroradiometer at Site 
B32 has been partially evaluated [13] and is available by contacting Christopher 
Jones.  Data from other instruments can be obtained as it becomes available by 
contacting Franklin Mills.   

 
7 Summary  
 

A network of co-located solar radiation instruments, sky cameras, and 
monitored PV systems has been designed and is being deployed across the ANU 
campus.  The ANU Solar Radiation and Cloud Measurement Network is a unique 
facility in Australia and one of the few such networks in the world.  It has been 
designed to provide data on clouds and their impact on distributed PV generation 
with high spatial and temporal sampling.  Data from some instruments is available.  
Further instruments will be deployed throughout 2014.   
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Figure 1.  Surface wind speed and direction climatology for 1939 to 2010 at 
Canberra Airport (BoM station 070014).   
 
 

 
 
Figure 2.  Probability distribution functions for cloud base height over Canberra in (a) 
December, January, and February (DJF) and (b) June, July, and August (JJA).  
Based on ceilometer measurements from 2010 to 2013 over Canberra Airport (BoM 
station 070351).   
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Figure 3.  The ANU main campus in Acton, ACT, Australia.  Teal squares indicate 
existing PV systems, blue squares indicate planned PV systems, the green square 
marks the location of the existing Concentrating Solar Thermal (CST) site, and the 
red hexagons indicate the sites comprising most of the ANU Solar Radiation and 
Cloud Measurement Network (ASRCMN).  Site numbers refer to entries in Table 1.   
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Site Instruments Initial Data  

1 
B32 Engn Bldg 

GHI spectrometer, DNI pyrheliometer, GHI 
pyranometer  

2011 Nov 

Wind speed, Wind direction  2012 Jan 
Temperature  2012 Feb 
PV  
Sky imager 2013 Dec 
POA pyranometer  

2 
B141 Fenner Bldg 

PV 2012 Jan 
DNI pyrheliometer, GHI pyranometer, DIFF 
pyranometer, POA pyranometer  

 

Sky imager  

3 
B58A 

Accelerator 
Bldg Ext 

CST  
DNI pyrheliometer, GHI pyranometer, DIFF 
pyranometer 

 

4 
B17 

Concession 
Bldg 

PV 2011 Jul 
POA pyranometer  

5 
B15 

Chifley 
Library 

GHI pyranometer, Sky imager  
PV  

6 
B4X 

Lena Karmel 
Lodge 

PV  2012 Sep 
GHI pyranometer, POA pyranometer  

7 
B105 School of Art 

GHI pyranometer, POA pyranometer   
PV  

8 
B75F 

Univ Child 
Care Centre 

PV  

9 
CEC 

Canberra 
Environment 

Centre 

GHI pyranometer  

10 
UFS 

Uriarra Field 
Station 

Temporary placement for instruments intended 
for Site B58A 

 

 
Table 1.  Instrumentation that is or will be deployed on and near the ANU campus as 
part of the ANU Solar Radiation and Cloud Measurement Network (ASRCM).   
 
 
 


