Additional File 1: Details on equipment and field setup

Requisition of equipment
The cameras were purchased using funds provided by the American Recovery and Reinvestment
Act of 2009. We required the cameras to be long-wave (7.5-13 µm), temperature-calibrated (i.e.
as opposed to outputting relative intensity values), with an image size of at least 320×240 pixels,
and designed for continuous operation. The cameras also had to be IP-capable (i.e. Ethernet
interface), able to record temperatures up to at least 500 °C, and be controllable with a software
development kit (SDK). The SDK was essential to allow us to develop scripts to customize
image acquisition, as opposed to being limited to the constraints of proprietary software. These
requirements were chosen in part to emulate the system used with success by Italian
volcanologists on Stromboli and Vulcano (Lodato et al. 2009; Ripepe et al. 2009; Calvari et al.
2010). The contract was awarded to Mikron Infrared (now Lumasense Technologies). The
M7500 cameras were $15,600-16,920 each, depending on the lens, and the software was $8000.
In addition to the cameras, Novatech Inc. provided custom infrared windows for the camera
enclosures. Each window was $1,500, and eight windows were purchased. Smaller germanium
windows may also be purchased, from several manufacturers, for lower costs. Numerous Pelican
cases were purchased for camera enclosures. Numerous batteries and solar panels were also
purchased through several other ARRA requisitions.
Cameras
We provide a detailed view of the cameras with scale in Figure AF1-1.
Enclosure and tripod specifications
We used Pelican brand waterproof cases as they have performed well at Kīlauea for other
equipment. Because they are made of plastic (polypropylene) they do not corrode like off-theshelf metal camera enclosures would. We used a Pelican 1450 or 1520 case (Figure AF1-2),
which is sufficiently large that ample amounts of empty space exist to reduce the risk of
overheating within the case. Two small (about 3/4 inch, or 1.9 cm, diameter) holes were drilled
in the back to allow for the Ethernet and power cables to pass through to the camera, and these
holes were fitted with one inch (2.5 cm) diameter pass-through cord-grip connectors (Figure
AF1-3), which are sealed to the box using silicone sealant. Once the cables are passed into the
box through these holes in the field, the cord-grip connector is sealed using electrical tape and
then covered with copious amounts of liquid electrical tape. Ample sealant and liquid tape is
necessary to make the enclosure truly waterproof (see Harris et al. 2005).
To provide a view out the front of the enclosure, one large (3 inch, 7.6 cm) hole was cut at the
front to accommodate the IR window. Normal glass or plexiglass windows used for visiblewavelength webcams do not pass infrared, and thus we used germanium IR windows. Each
window is 3.25 inches (8.3 cm) in diameter and 8 mm thick. One side (meant for the outside of
the case) has a diamond-like coating, which is an extremely hard protective coating to protect the

germanium. The other side (facing the interior of the case) has an anti-reflective coating, which
increases the infrared transmissivity of the window. The windows were set within a sturdy
custom-made PVC frame (Figure AF1-2), which is secured to the case with small screws. The
frame is also sealed to the case with silicone sealant. The windows were sealed to the PVC
frame with silicone sealant as well.
Two aluminum mounting plates are sandwiched to the bottom of the Pelican case, with one plate
within the case and the other outside, the latter forming the base of the enclosure (Figure AF1-2).
The camera is screwed onto the mounting plate within the case, and the metal plate on the
outside of the case has a large screw hole for attaching to the tripod. The plate within the case
has a series of screw holes positioned to accommodate different camera sizes (which depends
upon lens). The metal plates add strength to the case but also add a significant heat sink (and
high heat conductivity path out of the box) to further mitigate the risk of overheating within the
box. These metal mounting plates were designed and fabricated by a local metal-working
business in Volcano village.
Inside the enclosure, the Ethernet cable coming through the first pass-through cable-grip
connector is plugged directly into the camera (Figure AF1-4). The 12-volt power cable coming
through the second cable-grip connector is then wired to a small terminal, which has a fuse
which protects the camera electronics. For the Halema‘uma‘u Crater thermal camera, the power
cable had to be extended about 50 m, so we installed a voltage regulator to maintain 12 volts
(Figure AF1-4). A bag of desiccant is placed in the box to reduce moisture.
The aluminum mounting plate on the bottom of the enclosure is screwed onto a heavy duty
surveyor’s tripod using the tripod’s 5/8 inch (1.6 cm) diameter screw. Sticky rubber mastic tape
is placed on the tripod head to better grip the enclosure base and ensure it does not slip and rotate
on the tripod. Once the camera is aimed properly (checked by connecting a small laptop directly
to the camera and viewing the real-time camera image), the tripod legs are weighed down with
piles of large rocks (Figure AF1-5). This stabilizes the camera in heavy winds, and minimizes
image vibration. We stress that camera stability is crucial for analyzing temperature trends on a
pixel-by-pixel basis and for making long-term time-lapse sequences.
Power setup and consumption
In the simplest setup the camera is powered by four 12-volt batteries which are recharged by two
80-Watt solar panels (Figure AF1-6). These are grouped into two sets: each panel independently
charges two batteries via a charge controller (which ensures batteries are not overcharged). The
two battery-panel sets are joined at a terminal block, which serves power to the camera. The
terminal block is wired in such a way as to ensure that, should one of the two sets of batteries
and panels malfunction, the camera will be powered independently by the one functioning set
(and that the malfunctioning set will not draw power from the functioning set). A web power
relay unit is installed to enable remote power cycling from the observatory if camera issues arise.
Later upgrades to the power system on Puʻu ʻŌʻō involved creating a large battery bank, charged
by solar panels and wind turbines, that was shared by numerous instruments.

Tests in the lab, using an Extech 380942 current meter, showed that camera power consumption
was generally 10-13 W during the high rate and low rate acquisitions. Brief (<5 s) increases in
power to about 15 W would occur during the non-uniformity corrections that ran every 15
minutes.
Acquisition computer and data storage
We used two virtual computers running on an IBM Blade Center H populated with IBM HS22
blade servers, also purchased with ARRA funding, to run the acquisitions. The virtualization
hypervisor is VMware ESXi. One computer ran the high rate acquisition, and the other ran the
low rate acquisition, as described below. The computer running the high rate acquisition had a
64-bit Intel Xeon 2.53 GHz dual processor with 4 GB of RAM and about 500 GB of hard drive
storage. The operating system was Windows Server 2008. The computer running the low rate
acquisition was a 32-bit Intel Xeon 2.53 GHz processor with 2 GB RAM and about 100 GB hard
drive storage. The operating system was Windows XP. Incoming images were stored locally on
the acquisition computers on virtual harddrives for short-term (weeks to months) storage. The
virtual harddrives were part of an iSCSI Storage Area Network (SAN). The data from these local
drives were then periodically transferred to 1 Tb external harddrives for moderate-term (months)
storage. When these external drives filled up, the data were then copied onto LTO-5 tapes for
long-term (years) storage.
Time synchronization
Accurate time synchronization is essential for timing observed events and comparing the thermal
images with other datasets, such as seismicity. The camera images are acquired as individual
files stamped with the time of acquisition, which is based on the system time of the acquisition
computer. This computer time is set via Windows network time protocol. Average latency
between the camera and acquisition computer is less than 20 milliseconds, and the write latency
of the files is generally less than 50 milliseconds.

Figure AF1-1. Detailed view of the Mikron M7500L with two different lenses. The left camera
has the root (21° wide) lens, while the right camera has the 53° wide spyglass lens. Inset shows
the rear of the camera, which has connections for power and Ethernet.

Figure AF1-2. Pictures of enclosure assembly in the lab. A) We start with a Pelican case, and
cut a hole in the front for the germanium window. In this photo, the PVC window frame has
been temporarily attached. B) Attaching the inside metal mounting plate to the base of the case.
The camera attaches to this plate. C) Attaching the outside aluminum mounting plate. This
screws through the base of the case into the inside mounting plate. The tripod screws into this
outside mounting plate. D) Close-up of the germanium window attached to the case with a PVC
window frame and small screws. Silicone is applied to make the seal waterproof.

Figure AF1-3. Cameras installed in the enclosures in the lab. Several additional pieces of
wiring still need to be installed in the case. A) The 75° wide camera attached to the inside
mounting plate base using two additional small plates. B) The root 21° wide camera installed in
the case.

Figure AF1-4. Views of the cameras, in their enclosures, as installed in the field. A) The 75°
wide camera installed on the rim of Pu‘u ‘Ō‘ō Crater. B) The root 21° wide camera installed on
the rim of Halema‘uma‘u Crater. A voltage converter was installed here because the power
cable connecting to the battery bank was very long. Note that this camera was replaced with a
53° wide lens camera a few months later.

Figure AF1-5. View of the cameras installed in the field. A) The camera at the rim of
Halema‘uma‘u Crater, viewing the active lava lake. The enclosure is secured to a heavy duty
surveyor’s tripod. The geologist is applying liquid tape for waterproofing. B) Another view of
the Halema‘uma‘u camera, showing the rock piles for stability in high winds and the steel tether
in case the camera falls off the edge. C) The camera at the edge of Pu‘u ‘Ō‘ō Crater, viewing the
refilling and perched lava pond growth in mid-2011. D) Another view of the Pu‘u ‘Ō‘ō camera,
with the power station behind it. Four batteries and two charge controllers are beneath the two
solar panels. An Ethernet cable extends from the camera to a Wifi radio, just out of view of this
image.

Figure AF1-6. Diagram of the camera field setup, which includes the power and telemetry
systems.

