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Figure 2. Publication trends since 1997 for phenology-themed papers. Based on a Web of
Science search (June 10, 2023), I identified the number of papers published by year containing
the word “phenology” in the title, abstract, or keywords. Results are shown since 1997. Green
symbols show paper counts for all journals (increasing at 8.3% annually), yellow symbols show
paper counts for Agricultural and Forest Meteorology only (increasing at 13.1% per year). Blue
symbols show papers published (all journals) containing the word “phenocam” in the title,
abstract or keywords (increasing at 30.1% per year). Note logarithmic scale of the y-axis. For
clarity, data have been smoothed with a 3-y moving average.
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Figure 3. Of roughly 200 papers published containing the word “phenocam” in the title, abstract,
or keywords, 15% have been published in Agricultural and Forest Meteorology (AFM).
However, the overall diversity of publication outlets 1s also quite remarkable; note that the
“Other” category includes 60 different journals, which have each published an average of 1.5
phenocam-related papers. Abbreviations: RSE, Remote Sensing of Environment, ISPRS, ISPRS
Journal of Photogrammetry and Remote Sensing; Biogeosci., Biogeosciences, GCB, Global
Change Biology, JGR Biogeosci., Journal of Geophysical Research—Biogeosciences.
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Figure 4. (a) Cumulative number of images in the PhenoCam network archive, 2007-2023. The
current total of =70 million images includes 40 million visible-wavelength (RGB) images, and
30 million monochrome RGB+NIR images. Figure is a screen grab of the automatically updated

plot at: https://phenocam.nau.edu/webcam/archive/vearly/ (accessed 15 June 2023). (b)
Breakdown of 4600+ site-years of phenocam imagery, by vegetation type (derived from

https://phenocam.nau.eduw/webcam/roi/search/, 16 June 2023).
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Figure 5. PhenoCam 1magery, over the years, from Bartlett Experimental Forest, NH: (a) the
first image recorded from a camera on the Bartlett AmeriFlux tower (Axis 211 camera, installed
October 4, 2005); (b) Improvements in resolution and color reproduction (StarDot NetCam SC,
installed April 8, 2008); (¢ and d) Visible- (left) and visible+near-infrared imagery (from which
“camera NDVI” can be calculated; Petach et al., 2014) from the National Ecological Observatory
Network tower phenocam (StarDot NetCam SC IR, installed December 13, 2016). The Bartlett
AmeriFlux tower 1s visible on the left edge of the frame.
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Figure 6. Global distribution of PhenoCam sites, spring 2023. Although most cameras are
located in the conterminous United States, the network now includes sites on every continent.
The 646 cameras shown are currently designated as “active” sites, and all follow the standard
PhenoCam deployment protocol (StarDot NetCam SC, configured using the PhenoCam
Installation Tool). Retrieved 24 September 2023, from
https://phenocam.nau.edu/webcam/network/map/?type=I&active=true. Symbol color highlights
the number of cameras (<10, green, >10 but <100, yellow; >100, red).
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Box 1. What is a phenocam?

A phenocam, or phenology camera, is a digital camera used to record time-lapse pictures of
plant canopies or communities so that the seasonal rhythms—the phenology—of that vegetation can
be characterized using color-based image analysis. Images may be recorded at varying frequencies,
from once daily to as often as every 15 minutes. The higher-frequency imaging is not strictly
necessary from a phenological perspective, as few phenological events occur over such a short time
interval. However, it does typically lead to higher-quality data and a lower signal:noise ratio because
there is a greater likelihood of images being captured under ideal lighting conditions.

Most phenocams are mounted on towers, masts, tripods, or field station roofs, with an oblique
view across the vegetation of interest. Typically, some sky is included in the field of view. Examples
of installations in different vegetation types, from forests to shrublands to grasslands, are shown in
Figure 1. Options for local storage or long-distance telemetry of phenocam imagery are summarized in
Supplementary Material, Table S2.

Digital cameras use the red-green-blue (RGB) additive color model to represent colors as
perceived by the human eye. Basically, this means that digital images are comprised of three “layers”,
with each layer corresponding to one of the three color channels. For each color channel, there is a
two-dimensional array of pixels that represent the image in that color. The resulting color and
brightness of a given pixel is then characterized by the intensity of the pixel in each color layer, which
is stored as a digital number (DN) triplet: Rpn, Gpn, Bon. Notably, the imaging sensor in most digital
cameras is sensitive to near-infrared wavelengths, and some phenocams leverage this capability to
capture information about this fourth spectral band. For example, the StarDot NetCam SC, which has
in the past been the standard camera adopted by the PhenoCam network, has a sliding infrared cut
filter that enables back-to-back visible-wavelength and visiblet+near-infrared imagery to be recorded
(see Section 3.1).

There are several steps involved in processing phenocam imagery and extracting quantitative
data. First, a mask defining the vegetation of interest must be defined, e.g., “deciduous broadleaf
trees.” This mask is often referred to as the ROI, or region of interest. Note that if the field of view of
the camera shifts over time, the ROI mask must usually be updated. Second, images are read in by the
processing code, and statistics of the RGB DN values, across the ROI mask, are extracted and
summarized. In this way, phenocam images are treated analogously to satellite remote sensing images,
with each of the RGB channels corresponding to a distinct spectral band. The PhenoCam Network
conducts this processing automatically each night, and updated imagery, plots, and data summaries are
publicly available through the PhenoCam web page in near-real time.

Just as vegetation indices, such as the well-known Normalized Difference Vegetation Index
(NDVT) are calculated from satellite remote sensing, a similar approach has often been adopted with
phenocam imagery. By far the most common index applied to phenocam imagery is the Green
Chromatic Coordinate, or Gee. Gece is a measure of the intensity of the green channel relative to the
total intensity of the red, green, and blue channels:

Gpy
Gee =
Rpy + Gpy + Bpy

‘Whereas NDVI leverages the contrast between low reflectance by foliage in red wavelengths,
and high reflectance by foliage in near-infrared wavelengths, Gece is more an index of relative
“greenness”. Gece has proven to be a reliable vegetation index for many phenocam studies because
annual cycles of foliage development and senescence are often marked by increasing and decreasing
greenness, respectively. Sample time series of Gcee in different ecosystem types are illustrated in
Figure 1d.
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Box 2. The origins of the PhenoCam Network

In the first year of my postdoc at the University of New Hampshire (UNH), my advisor, David
Hollinger (USDA Forest Service; PI of the Howland Forest AmeriFlux site, and former lead of the
AmeriFlux network) was keen to set up a new tower in a 60-80 y old deciduous stand at Bartlett
Experimental Forest, NH. Scott Ollinger, at UNH, and Marie-Louise Smith, USDA FS, were also
involved; the idea was that the tower would contribute to UNH-USDA FS efforts in support of the
North American Carbon Program (https://www.nacarbon.org/nacp/), with the specific objectives of
“provid[ing] a scientific basis to implement carbon accounting on regional and continental scales™ and
“measur{ing] the carbon balance of North America.” Hollinger and I are now in our 20 year of
running that site (US-Bar), and the opportunity to be part of that effort has, without a doubt, had an
enormous influence on my professional career. The key papers from that site have all been published in
AFM (Jenkins et al., 2007; Lee et al., 2018; Ouimette et al., 2018).

In the fall of 2005, someone on our team suggested we put a “webcam” (as they were then
known) on our Bartlett tower. “Security monitoring” was how we presented it to Forest Service
purchasing department, but our real motivation was to have nice pictures that we could use to illustrate
talks and posters, and (if we were lucky) to identify major phenological events, such as when leaves
came out and fell off, which we thought would be useful for interpreting our flux measurements. This
was not a particularly novel idea; in a prescient paper published that same year, Dennis Baldocchi had
written “we encourage colleagues to install video cameras at all FLUXNET sites and record the state of
the canopy each day” (Baldocchi et al., 2005). Shin Nagai, and others in Japan, had by this time also
already started the Phenological Eyes Network (PEN) (Nagai et al., 2018, 2010; Nasahara and Nagai,
2015), while in Switzerland, Werner Eugster and his student Hella Ahrends were doing similar work at
the Ligeren FLUXNET/ CarboEuropelP site (Ahrends et al., 2008). And, Erik Graham’s visionary
efforts with the University of California’s James Reserve “MossCam,” deployed in 2003, had already
showed how digital camera imagery could be used to estimate photosynthetic activity of the bryophyte,
Tortula princeps (Graham et al., 2006).

Largely unaware of these parallel efforts, we installed an Axis 211 (Axis Communications,
Lund, Sweden) security camera on our tower on October 4, 2005 (Figure 4a). Our site ran on solar
power (which was in short supply during most of the winter, and even during cloudy periods in
summer) and from the top of the tower we had a shaky wireless connection back to the Forest Service
headquarters about 1 km to the north. We turned on our camera and WiFi link only for a few hours
around noon, and we had software running on an old Windows 95 PC at the headquarters that would
grab several images from the camera each day, and then send them via FTP to my account on the UNH
server. The image resolution, image quality, and color reproduction all left something to be desired; my
inability to get a level horizon didn’t make the imagery any more compelling. But, this was the start of
what would grow into PhenoCam.

We logged imagery through the fall of 2005 and into the spring and early summer of 2006. At
that point, I was working with one of Ollinger’s PhD students, Julian Jenkins, who was a whiz with
image processing and MATLAB coding, and who also understood what phenology was about (Jenkins
et al., 2002). One day that spring, we talked about the imagery we had accumulated so far, and he
agreed to see if he could extract anything useful or relevant from it. Jenkins quickly figured out how to
characterize the red, green, and blue color channel intensities (digital numbers) for a rectangular
canopy-level region-of-interest in the center of our images, and calculated time series of two indices
that had been previously used in the precision agriculture literature (Woebbecke et al., 1995), excess
green (ExG) and green chromatic coordinate (Gcec).

In retrospect, it seems so simple—of course it should have “worked,” if our camera was
faithfully recording information about the colors in the scene it was observing. Still, for me, at least, it
was a major “a-ha!”” moment, when Jenkins showed me the time series with such a clear and well-
defined “spring green-up,” at daily temporal resolution. These data nicely illustrated, at the site level,
Mark Schwartz’s “green wave” (Schwartz, 1998). I soon realized then that there was the potential for
this to be much greater than a single site.
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During the summer of 2006, in 5 days, from an off-grid cabin on a lake 3 h north of Toronto, I
wrote the first draft of the paper we would submit to and publish in Oecologia (Richardson et al.,
2007). This paper showed the strong green-up signals in both “greenness” indices, and the general
synchronicity of “webcam”-derived greenness indices and tower-based estimates of net and gross
ecosystem uptake of carbon dioxide. Our camera gave us high-resolution data on the state of the
canopy, which could then be related to ecosystem function. The advantage of the camera imagery, over
radiometric indices like broadband NDVI, fAPAR, or albedo (e.g., Jenkins et al., 2007), was that the
images could be visually inspected to see what was actually going on! I concluded the paper by
observing that “[g]iven the widespread popularity of webcams, and the fact that they are already
ubiquitous in our landscape ... our results suggest that images from such cameras could offer a novel
opportunity to provide data that would complement the efforts of the [USA-National Phenology
Network] NPN, at relatively low cost. This could easily be integrated into hands-on science education
programs for primary and secondary school students ... which would provide chances for public
outreach by the earth systems science community.” This vision ended up driving my career for the next
15+y.

A camera at Hollinger’s Howland Forest AmeriFlux site, where the canopy was dominated by
the conifers red spruce and balsam fir, followed in late 2006, and while seasonal variation in the
evergreen signal in canopy greenness was more subtle, it was still there—and it proved to be a good
indicator of photosynthetic activity in ENF forest types (Richardson et al. 2009, Seyednasrollah et al.
2022).

At the end of 2006, Hollinger and I began to work on a response to a “Request for Information”
from the nascent National Ecological Observatory Network (NEON), in which we argued for the
relevance of phenological monitoring to the “Grand Challenges” that NEON was designed to address.
Our response was submitted in early 2007, and using our initial results from Bartlett as a case study, we
argued that digital camera imagery could provide automated, high-frequency data on phenology at
relatively low cost, and a “decadal-scale record of canopy phenology, coupled with concurrent carbon
dioxide flux and meteorological data, would permit quantification of phenological and [carbon]-cycle
responses to climate change across a range of ecosystem types.” This idea was enthusiastically
embraced by NEON, but the first NEON cameras would not come online for almost a decade, in early
2016.

Around the same time as our Oecolgia paper was published, in the spring of 2007, I applied to
the Northeastern States Research Cooperative (NSRC; https://nsrcforest.org) for a small grant to
establish a “Northeast Webcam Phenology Network™. I lined up collaborators at established research
sites across New England and adjacent Canada; early adopters included a number of AmeriFlux and
FLUXNET-Canada site PIs, including Steve Wofsy and Bill Munger (US-Hal), Harry McCaughey
(Ca-Gro), Hank Margolis (Ca-Qfo), HaPe Schmid (US-MMS), and Christoph Vogel and Peter Curtis
(US-UMB).

By 2009, Bobby (“Rob™) Braswell, another UNH researcher, was an unfunded but enthusiastic
team member. Braswell’s presentation at the European Geosciences Union meeting in the Spring of
2009 (also coauthored by Mark Friedl, from Boston University, who would go on to be a long-term
collaborator), was, I believe, the first public announcement of the existence of an actual “PhenoCam
Network™ (Supplementary Material, Figure S2). At that time, we had 12 “core sites,” all of which were
equipped with the StarDot NetCam SC (Figure 5b), but we were also archiving imagery from a number
of USDA Forest Service and National Park Service cameras (all different makes and models), which
had been installed for air quality monitoring. For many of these cameras we were able to obtain
imagery back to the year 2000, and the long-term records from sites like the Mammoth Cave National
Park site were instrumental in many of our early analyses (e.g., Hufkens et al., 2012). Greater emphasis
on standardization and protocols would come in the following years, but in the first years, we worked
with what was available.

Our early success was followed by stumbles. I wanted to obtain funding to take PhenoCam
from a regional network to a continental-scale phenological observatory, as I had argued for in the
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2007 Oecologia paper. It turned out to be harder than I expected. Although we had proof-of-concept
across different ecosystems, and we could demonstrate that we had the initial cyberinfrastructure to
serve up real-time imagery, proposals to a variety of federal agencies were unsuccessful. Finally, in
2011, a proposal I had led and submitted to the new NSF program in “Macrosystems Biology” (MSB)
was successful—and thanks to the enthusiastic support of Program Officer Liz Blood, my career
trajectory was forever changed.

In our MSB proposal, we said we would expand PhenoCam to a continental-scale
“phenological observatory,” and we would tackle three main research questions:

1. How do photoperiod, temperature, and precipitation govern phenological transitions in

different plant functional types at local, regional and continental scales?

2. How will vegetation phenology respond to rising temperatures and changing precipitation

regimes, and what are the associated uncertainties?

3. What are the forecasted impacts on ecosystem services related to carbon and water, at

regional and continental scales, of these phenological shifts?

These were big questions, and even a dozen years later I feel we have only begun to scratch the
surface of answering any of them; the questions remain as relevant now as they were in 2011.

New collaborators brought into this MSB project included many AmeriFlux and FLUXNET-
Canada site PIs, from diverse ecosystems across North America, including Russ Monson, Bev Law,
Andy Black, Larry Flanagan, Alan Barr, Dennis Baldocchi, Shashi Verma, and Altaf Arain. Their
enthusiastic support was key to the future success of our evolving PhenoCam Network. Around this
time, Braswell took a job in the private sector, and Tom Milliman, a research scientist at UNH, took
over as our data manager—a position he would hold for the next dozen years. I would like to thank all
of my early collaborators for their faith and commitment; the quality of imagery, and data continuity,
that resulted from their efforts. The opportunities my students and postdocs had to interact directly with
these world-class scientists provided critical networking opportunities. It was a win-win situation, and
it set the stage for our future success.
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Box 3. PhenoCam vs. phenocam?

The short MATLAB script that Julian Jenkins wrote in 2006 to process our Bartlett imagery
had been fatefully named phenocam.m. When in 2008 Rob Braswell developed the first web page for
our unnamed “webcam network,” he adopted the PhenoCam name for the landing page and URL, and
the PhenoCam Network was born. Julian deserves credit for coming up with the name, and Rob for the
branding. Over time, “phenocam™ has come to be used generically (like Kleenex, Velcro and Lego; see
Gordon, 2019) in reference to any digital camera used to monitor plants and plant phenology. For me,
this is an affirmation of the value of what we have developed and created. For clarity, in this paper I
use “PhenoCam” (with capitalization, inspired by the capitalization of AmeriFlux) to refer specifically
to the PhenoCam Network, while I use “phenocam” (all lower-case) to denote more generic
applications.
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Supplementary Material, Box S1. My introduction to phenology

I was a graduate student at the Yale School of Forestry & Environmental Studies (renamed the
Yale School of the Environment in 2020) in the late 1990s and early 2000s. I completed my MF (Master
of Forestry) degree at Yale in 1998 and had been encouraged during my second year of that program to
apply for the PhD program. The encouragement came from two of my mentors, Graeme Berlyn, a tree
physiologist, and Xuhui Lee, a micrometeorologist.

There was a long and fascinating history of biometeorology research at Yale, and a
correspondingly long history of Yale involvement in AFM. Notably, Bill Reifsnyder, Lee’s predecessor
as a professor of forest meteorology and biometeorology (1955-1990), had been a founding editor of the
journal (initially titled Agricultural Meteorology) and served as editor-in-chief from 1984-1995. Kya Tha
Paw U, a student of Reifsnyder’s, and professor at UC Davis, served as editor-in-chief of AFM from
1998-2008, and Lee would later serve as editor-in-chief of AFM from 2008-2019.

Lee’s class on Biometeorology, which I had taken as a second-year MF student, was one of the
reasons I stayed on to do a PhD. I was fascinated to learn of emerging methods, such as “eddy
correlation,” as it was then commonly called. At the time I had almost no concept of how eddy covariance
would ultimately come to revolutionize our understanding of land-atmosphere interactions, carbon
cycling, or evapotranspiration, thanks to the work of pioneers like Steve Wofsy, Mike Goulden, Shashi
Verma, Dennis Baldocchi, Bev Law, and David Hollinger.

For my dissertation research, I ended up investigating the structure and function of conifer foliage
along the elevational and canopy light gradients. One of my projects involved quantifying the
microclimatology of my study sites, and how those varied along the elevational gradient, from deciduous
to conifer forest, and across treeline to tundra, and across different mountain ranges of the northeastern
USA (Richardson et al., 2004; this was my first paper in AFM). I assembled my environmental
monitoring stations for this project in Lee’s lab, which had previously been Reifsnyder’s lab.

Oftfhandedly, in one of our meetings, Lee suggested I put a quantum sensor not just above the
canopy but also below the canopy—so I could look at how much photosynthetically active radiation was
transmitted by the canopy, and how this changed with the seasons, i.e., with phenology. “Then you could
do some modeling,” he added. “Great idea!” I thought. But, I quickly came to realize that Murphy’s Law,
which basically states that “if anything can go wrong, it will,” might have priority over Hopkins’ (1920)
“Bioclimatic Law,” which describes phenological patterns in relation to latitude and elevation: at my
high-elevation site, the cable running from my CR10 data logger to a quantum sensor below the
deciduous dwarf birch canopy was chewed by a malicious rodent after a few months, whereas the
quantum sensor in the mid-elevation evergreen spruce-fir forest kept running for a few years. I had no
useful data on phenology in the high-elevation site, and in the mid-elevation site, changes in solar zenith
angle—not changes in leaf area—dominated the signal. Still, these unsuccessful efforts were a learning
experience, and I had also been introduced to phenology.
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Supplementary Material, Table S2. Options for local storage or long-distance telemetry of
phenocam imagery. Technological advancements over the last 15 y have not only opened up
new options for remote connectivity, but they have also greatly reduced the costs of both
hardware and data transfer fees. Verifying system uptime on a daily basis is ideal, but this is not

always possible.

Icon

Description

Most stand-alone cameras (e.g., trail cams or game cams) record images to
an SD card, which can store a year or more of 30-minute images. Field
technicians swap cards, download images, and conduct image processing in
an ad hoc, rather than automated, manner. A limitation of this approach is
that it is impossible to remotely verify system uptime.

LN ]
LE R ]
[ XX ]

At field sites without Internet connectivity, images can be stored on a local
computer connected to the same network as the camera. In most cases, the
computer will be running an FTP (file transfer protocol) server that accepts
incoming connections from the camera, but in other cases, software or
scripts running on the computer will pull images from the camera. Images
are then manually uploaded to an external FTP server, e.g., PhenoCam, for
automated processing, or processed locally in an ad hoc manner. As with
storing images on an SD card, a limitation of this approach is that it is
impossible to remotely verify system uptime.

At many sites, a local network is connected to an Internet node (e.g. at the
field station or site headquarters) via a wired Ethernet connection. Images
are then sent to an external FTP server in real-time for viewing, archiving,
and automated processing.

Alternatively, other sites use a wireless connection between devices (e.g.,
PhenoCam) and the Internet. Some phenocams are WiFi-enabled, but even
for those that are not, the phenocam can be connected via Ethernet to a WiFi
client or repeater, which then connects to a nearby WiFi access point (50-
100 m, maximum). In other cases, the camera might be just one of several
devices connected to a long-range, point-to-point wireless bridge, which
then connects to a distant (up to 20 km) wireless bridge, which is then
connected to the Internet. The latter solution is common at field sites where
Internet connectivity is desired across a large area (1-1000 km?, or more).
Either solution allows images to be sent to an external FTP server in real-
time for viewing, archiving, and automated processing.
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Wherever cellular phone service is reliably available, cell modems offer an
alternative route to Internet connectivity without the infrastructure
requirements of a pont-to-point long-distance wireless network. Over the
last decade, cell modems have become much more widely used as both the
hardware and the data transfer fees have become less expensive. When a
cell modem is used, the PhenoCam obtains an outgoing Internet connection
through the cell modem, and images are generally sent to an external FTP
server in real-time for archiving and automated processing. But, cellular
network connectivity may be poor in some rural and wilderness areas in
which ecological research is often conducted.

Satellite communications offer virtually global connectivity for cameras and
other scientific monitoring equipment, but at a cost that is much higher than
for cellular M2M (machine-to-machine) data connections. At sites where
topography, remoteness, or other factors may preclude wireless or celluar
connections, satellite may be the only option. At these sites, one way to
minimize data charges is to store sunrise-to-sunset phenocam images
locally, but to send a mid-day image out via the satellite connection. In this
way, system uptime can be verified on a daily basis.

67




1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521

1522
1523

1524
1525
1526

Supplementary Material, Figure S3. The 12 “core sites” in the PhenoCam network, spring
2009, as presented in a talk at the European Geosciences Union meeting in Vienna by Rob
Braswell. We focused the initial network on forested research sites in northeastern US and
adjacent Canada; sites spanned 10° latitude and 10°C mean annual temperature, and a range of
forest types from oak-hickory in the southernmost sites, to northern hardwoods (maple-beech-
birch), to boreal mixedwood (birch-poplar-fir), and boreal conifer (spruce-fir) in the north. Seven
of 12 sites were already measuring surface-atmosphere carbon dioxide and water vapor fluxes
with eddy covariance, and a number of sites had ongoing observer records of phenology (e.g.,
Richardson and O’Keefe, 2009).
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