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Abstract. The presence or absence of leaves within plant
canopies exert a strong influence on the carbon, water and energy
balance of ecosystems. Identifying key changes in the timing of
leaf elongation and senescence during the year can help to under-
stand the sensitivity of different plant functional types to changes
in temperature. When recorded over many years these data can
provide information on the response of ecosystems to long-term
changes in climate. The installation of digital cameras that take
images at regular intervals of plant canopies across the Integrated
Carbon Observation System ecosystem stations will provide a re-
liable and important record of variations in canopy state, colour
and the timing of key phenological events. Here, we detail the pro-
cedure for the implementation of cameras on Integrated Carbon
Observation System flux towers and how these images will help
us understand the impact of leaf phenology and ecosystem func-
tion, distinguish changes in canopy structure from leaf physiology
and at larger scales will assist in the validation of (future) remote
sensing products. These data will help us improve the represen-
tation of phenological responses to climatic variability across
Integrated Carbon Observation System stations and the terrestrial
biosphere through the improvement of model algorithms and the
provision of validation datasets.
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INTRODUCTION

Phenology is the study of the timing of recurrent bio-
logical events, the causes of the timing with regard to
biotic and abiotic forces, and the interrelations among
phases of the same or different species (Leith, 1974). Plant
phenological events such as leaf out, flowering and leaf
senescence are driven by photoperiod, year to year varia-
tions in temperature and moisture availability (Delpierre et
al., 2016; Xie et al., 2015) and are “perhaps the simplest
process in which to track changes in the ecology of species
in response to climate change” (Rosenzweig et al., 2007).
These subtle variations in phenology can impact directly
the length of the growing season and more importantly, the
seasonality of carbon, water and energy exchanges between
terrestrial ecosystems and the atmosphere (Baldocchi et al.,
2005; Richardson ef al., 2013). Recent studies have shown
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that it is currently uncertain how longer growing seasons
will affect the carbon sequestration of ecosystems (Keenan
et al., 2014; Piao et al., 2008; Wohlfahrt ef al., 2013). In
addition, the exact timing of plant development stages and
their response to climate, environmental conditions, and
management practices are still poorly represented in land
surface models (Richardson et al., 2011; Sus et al., 2010).
Thus, monitoring the seasonal and inter-annual variability
of canopy phenology across a pan-European research infra-
structure such as the Integrated Carbon Observation System
(ICOS) ecosystem stations will help us better understand
the role of climate change in regulating the carbon uptake
period of ecosystems across Europe.

Visual observations of phenology, made in situ by
human observers, are laborious and prone to observer bias
(Morrison and Young, 2016), furthermore they cannot be
casily scaled up to the ecosystem level. There is therefore
a need to supplement long-term visual observations with
automated techniques such as those provided by digital
repeat photography (hereafter referred to as phenocams)
at high temporal and spatial resolution. In this context,
Kosmala et al. (2016) showed that visually estimated dates
for key phenological events agree well with phenocam
green chromatic coordinate (Gece) time series derived phe-
nology metrics. Yet, not all phenocam metrics can be easily
linked to classical phenology metrics from field observa-
tions (e.g. bud-burst, flowering, leaf expansion, etc, e.g.
Browning et al., 2017; Liang et al., 2011, Wingate et al.,
2015). Similarly, although phenocams are increasingly
being used to study conservation and restoration ecology.
In particular they are being used to document disturbances
such as deforestation, fire events, insect outbreaks, flooding
and vegetation recovery (Alberton et al., 2017). However,
visual observations still play a key role in describing cer-
tain details not easily quantified automatically by current
phenocam indices during these events. Thus, more work is
required to characterise better the information carried by
phenocam data within this context.

Phenocams are most widely used to monitor the deve-
lopment of land surface conditions such as greenness and
broad band Normalized Vegetation Index (NDVI) that can
be calculated from high-frequency (i.e., multiple images
per day) phenocam imagery (Filippa et al., 2018). Metrics
extracted from these time series (i.e. beginning and end of
the growing seasons, growing season length, and so forth)
provide a valuable tool for linking and validating satellite
products and field observations. Moreover, phenological
metrics extracted from phenocams have recently been used
to refine phenological models in a variety of ecosystems
and might provide insights into vegetation responses to cli-
matic extremes (Chen ez al., 2016; Cremonese et al., 2017,
Melaas et al., 2016), and complex biosphere-atmosphere
feedbacks (Green et al., 2017).
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The use of images from phenocams has the advan-
tage that the temporal resolution of measurements can be
increased, and the footprint of the field observations can
be broadened in an effort to maintain consistency with
eddy covariance and satellite observations, whilst benefi-
cially reducing the costs of field-based observations (e.g.
Sonnentag et al., 2012). Phenocams have been demonstrat-
ed useful to capture land surface phenology (Hufkens et al.,
2012; Klosterman et al., 2014) and also seasonality in gross
primary production (GPP) estimated from eddy covari-
ance measurements for a variety of plant functional types
(Browning et al., 2017; Migliavacca et al., 2011; Moore
et al., 2017; Toomey et al., 2015; Wingate et al., 2015).
Phenocam-derived NDVI time series also exhibit good
agreement when compared to both remote sensing and
broadband spectral measurements. In addition, these dif-
ferent phenocam derived metrics provide complimentary
information that reflect structural development of a cano-
py and biomass in addition to leaf colouration, which domi-
ates the Gece index (Filippa et al., 2018) and supports mo-
delling studies at the canopy scale (Wingate ef al., 2015).

Several phenology monitoring programs that use
automated digital photography already exist in the USA
(US PhenoCam Network), Europe (EuroPhen), Japan
(Phenological Eyes Network) and Australia (TERN
Australian Phenocam Network). The guidelines presented
here have been developed for ICOS ecosystem stations
in collaboration with the European Phenology Camera
Network (EuroPhen), a collaborative initiative setup to
promote the recording of phenological events alongside
detailed micrometeorological observations (Wingate et al.,
2015) and in a manner that will facilitate a smooth integra-
tion within the large-scale digital camera repository hosted
by NASA ORNL DAAC (Richardson et al., 2018a).

The overall goal of the ICOS automated phenology
monitoring is to determine the trends in the seasonal pat-
terns and interannual variability in phenology of key
European species in order to assist the carbon and water
cycle research community in detecting and understand-
ing the effects of climate change on ecosystem function.
We envision that the specific monitoring objectives would
encompass a harmonised network of digital cameras to
ensure consistent observations across sites and ecosystems.
This would ensure standardised data collection to enable
routine processing for the extraction of vegetation colour
indices and phenophase dates from the cameras (such as
budburst and leaf fall dates). These data would also provide
continuous trajectories of canopy dynamics that could be
linked to co-located ecosystem properties, carbon, water
and energy fluxes, biotic and abiotic hazards (such as path-
ogens and pests, drought, storm), and land management
practices. The long-term commitment of ICOS also allows
for the detection of long-term trends and interannual vari-
ability in the timing and duration of key phenophases (such
as onset of the green-up, peak of the greenness, green off-
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set) that have a strong impact on the exchange of carbon,
water and energy with the atmosphere, and provide a visual
historical record of landscape and environmental change at
ICOS ecosystem stations.

Phenocam data would also allow ICOS to explore in
more detail relationships between phenological events, cli-
matic variables and soil moisture states in order to develop
hypotheses about the impacts of climate change on phenol-
ogy, ecosystem carbon uptake and water losses. Moreover,
the ICOS framework can help ensure a standardised dataset
that can serve as both a calibration and validation dataset
for remote sensing data or products and various modelling
efforts. In addition, the intuitive nature of the phenocam
imagery and subsequent processing allows for easy out-
reach and integration in education programs across Europe.
Here, we provide a practical guideline on how to install
phenocams at stations within and beyond ICOS to ensure
optimal quality in the acquired images within the context
of the ICOS network. Additionally, we also provide guide-
lines on how to extract and process color indices time series
and extract phenophase dates.

METHODOLOGY
Measurement methods and instrumentation

Within Europe there are many digital camera types, that
can be networked and automated to some extent, operat-
ing at long-term flux stations. The dominant digital camera
used within the ICOS network, to date, remains the Stardot
Netcam SC5 (Stardot Technologies, Buena Park, CA). This
camera is used extensively by the PhenoCam network, coor-
dinated by Andrew Richardson (Richardson ef al., 2018a)
and the US National Ecological Observatory Network
(NEON, SanClements and Roberti, 2016). Experience over
the past few years has demonstrated that the StarDot cam-
era is simple to use and install in the field. It is reliable
under the environmental conditions experienced at most
flux sites (Richardson et al., 2018a,b) and benefits from
good technical support from the company. Moreover, the
Stardot Netcam SCS5 IR provides the possibility of record-
ing sequential RGB and monochrome RGB + NIR images,
this dual capability is not found in any other networked
camera. This opens up the possibility of obtaining an addi-
tional camera-based proxy of NDVI (Filippa et al., 2018;
Petach ef al., 2014). As such, we prefer the Stardot Netcam
SC5 IR camera within the context of establishing a stand-
ardized network of cameras.

Instrumental setup

A number of general recommendations can be made on
how to install a phenocam. If possible, the camera should
be facing away from the sun’s direction at solar noon (12:00
local solar time or true North in case of the ICOS) to mini-
mise lens flare and maximise illumination of the canopy. If
it is not possible to point the camera away from the sun’s
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direction at solar noon, the camera can be alternatively
pointed East (90° from true North) with an acquisition time
centered on 15:00 local solar time or West (270° from true
North) with an acquisition time centered on 10:00 local
solar time. However, pointing the camera toward the sun’s
direction at solar noon must be avoided even if this is where
the dominant flux footprint is located since images contam-
inated by direct sunlight cannot be used.

Similarly, the camera field of view must be maximised
for information content and image quality. Therefore, the
portion of sky included in the image should not exceed 1/5
(20%) of the image (Fig. 1). For sites with a short cano-
py and without a prevailing wind direction it could be an
option to mount the camera on a separate pole ca. 50 m
away from the flux tower in order to view all sectors around
the flux tower and maximise the portion of the climatologi-
cal footprint area sampled with the camera. This would be
especially advantageous in heterogeneous landscapes such
as peatlands and managed grasslands and could provide
a better representation of the footprint in such ecosystems.

When installed on a tower, the camera should be
securely mounted, and if possible, about 10-20 m from the
foreground portion of the canopy. When installed on tri-
pods or masts (e.g. low canopies like grassland, cropland,
shrubland, efc.) the camera should be mounted at a mini-
mum distance of 2 m from the foreground portion of the
canopy. The combination of the camera height above the
canopy and the viewing angle can affect the vegetation
colour indices, by including more or less soil background
in the regions of interest. As future research will compare
vegetation colour indices between sites, it is desirable to
minimise the extent of soil surface observed in the image.
In the case of fast growing canopies (e.g. cropland, short
rotation coppice), future plant growth needs to be consid-
ered by allowing enough space within the field of view to
capture canopy growth and to avoid changing the position
of the camera during the growing season. Also, if the cam-
era is installed in the proximity of trees it is necessary to
ensure that new growth of branches does not obscure the
view during the growing season with regular pruning.

We also recommend installing a below canopy camera
in forest sites to track understory phenology, especially at
those sites where the above canopy camera can not be used
(e.g. dense canopies) for this purpose (Bater et al., 2011).
The below canopy camera must be installed following
the same recommendations provided for the above cano-
py camera. Above and below canopy cameras must have
the same orientation (ideally pointing North to minimise
directional effects caused by sun illumination angle). The
camera should be mounted at approximately 3 m above the
ground (or above the understory canopy). No main branch-
es from the dominant trees should obstruct the field of view.
Understory and above canopy cameras can also be used to
measure the presence and depth of snow (Dickerson-Lange
etal., 2015).
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Fig. 1. Examples of camera field of view in a forest: a — and grassland site b and, ¢ — examples of the ROI selections for the Majadas
de Tietar (FLUXNET ID ES-Lm?2) site capturing both the understory grasses (top panel) and the Holm Oak canopy (bottom panel).
Red dots represent the data collected during the hydrological year 1 (August 1st, 2014 to July 31st, 2015); green dots represent the data
collected during the hydrological year 2 (August 1st, 2015 to July 31st, 2016). The region of interest (ROI) used to compute the green
chromatic coordinates (GCC) are depicted in red in the images (right panels).

To ensure standardized configuration the Stardot Netcam
SCF IR should not be manually configured, instead the
configuration of this camera should be executed by using
a dedicated installation script (i.e. PhenoCam Installation
Tool, or PIT; https://khufkens.github.io/phenocam-installa-
tion-tool/). The PIT ensures that the settings of the Stardot
Netcam SCS5 IR camera adhere to the recommended ICOS
settings. In particular, the exposure mode is set to a fixed
white balance (in order to minimise in-camera processing
of day-to-day changes in illumination and RGB ratios),
the date and time settings (set to local standard time when
provided an UTC offset during installation), the file format
and compression ratio (jpeg — high quality), standardized
imprinting of date, time, exposure settings or camera ID on
the image as well as a standardised file name convention
are all configured by the PIT. Although data is stored in the
jpeg format data quality loss is minimal. Previous research

has shown that JPEG compression ratios only negatively
influence the retrieved colour indices at very high compres-
sion rates (>90%, Sonnentag et al., 2012). The filename
convention used is particularly important as it underpins
all subsequent post-processing. As such, site names must
not contain:

1. underscores in the site name (dashes and numbers
are possible),

2. windows or linux illegal characters such as a forward
or backward slash (/), or periods.

The final format is defined as: sitename YYYY MM
DD HHMMSS.jpg and supports the Fluxnet site naming
conventions (e.g., BE-Bra: BE-Bra 2014 06 05 123000.
jpg). For a more detailed outline of the instrumentation and
installation of a Stardot Netcam SCS5 IR camera we refer to
the ICOS instructions document.
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Spatial and temporal sampling design

After configuration, a Stardot Netcam SC5 IR camera
will transmit data automatically to the ICOS Ecosystem
Thematic Center (ETC) File Transfer Protocol (FTP)
server, or a local FTP server if a site’s network connec-
tion is unreliable. The data transmitted includes: an RGB
and RGB + IR image and their corresponding meta-data
(e.g. exposure) at a set time interval (e.g. 4:00 —22:00 h). If
the near-real time transfer of images from the phenocam to
the ICOS ETC server is not possible, it is advised that the
images are uploaded manually by the PI every two weeks.
Deployment of the phenocams will happen throughout the
ICOS network, reflecting the spatial coverage and repre-
sentability in terms of plant functional types of the network.

Calibration and maintenance

Although a sensor intercomparison of the Stardot
Netcam SC5 IR cameras has shown limited sensor dete-
rioration over time, and hence stability in the retrieved data
(Richardson et al., 2018a,b), changes in the field of view
are a major source of variability in the retrieved image
data. It is therefore advised that, the position of the camera
mounting structure is chosen to avoid accidental bumps or
movement when other co-located equipment is being ser-
viced, the field of view is never changed during the active
growing season. If a change in the field of view is necessary,
then this should be completed at least two months before
the spring foliage development. Upon replacing a camera,
care must be taken to match the new field of view with
the previous field of view as closely as possible. In gen-
eral, report any change in the field of view to the network
co-ordinator. Avoid the presence of fast growing leaves or
portion of branches in the foremost portion of the image as
seasonal coherence of the regions of interest (ROIs) can be
compromised.

Post-processing

Processed output data will be available through the
ICOS data portal which will rely on the python vegindex
package (https://github.com/tmilliman/python-vegindex)
as a backend to calculate Gece time series, and the “pheno-
camr” R package front end for outlier detection, smoothing
and the estimation of phenological transition dates (e.g.
the start of the season; https://khufkens.github.io/pheno-
camr/). The vegindex package excludes images taken at
a solar angle smaller than 10 degrees (dark images), ingests
multiple ROIs and has the ability to quickly generate veg-
etation colour index time series. A detailed description of
the algorithms for both the back and front-end processing
are provided in Richardson ef al. (2018a,b) and Hufkens et
al. (2018), respectively.

It is anticipated that in the near future an application
programme interface (API) will be created to access pro-
cessed data output. Nonetheless, if PIs wish to process their
own digital images a number of algorithms are now freely
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available to generate time-series of vegetation colour indi-
ces. For example, the open source R package, Phenopix has
been developed recently by Filippa et al. (2016) and can be
downloaded freely from the R CRAN network. Phenopix is
an easy-to-use R-package that provides a standardised pro-
cessing algorithm for extracting vegetation colour indices
(e.g. the Gee amongst many) and phenological transition
dates calculated or parameterised from a range of different
extraction techniques (Fig. 2). Multiple ROIs are recom-
mended for ecosystems with heterogeneous canopies (e.g.
mixed forests, grazed grasslands or peatlands) in order to
capture the phenology of multiple species (or plant func-
tional types) or to capture understory phenology (Fig. 1c¢).
To ensure consistency the same ROIs must be used through-
out the season.

Final dataset

The processing of the image data using the vegindex
and phenocamr packages will result in a set of standardised
products. Data products provided will include, (colour) sta-
tistics for predefined ROI for each ICOS site, summarised
data at 1 or 3 day intervals and estimates of phenological
transition dates at three preset amplitude thresholds (10, 25,
50%). Data will be delivered in the form of rolling releases
on an annual cycle.

RESULTS AND DISCUSSION

Digital repeat photography allow for the construction
of a visual record of the changes in vegetation over time,
that can then be summarised as time series of vegetation
greenness. The documented linearity and stability of the
sensor (Richardson et al., 2018a,b), the ability to record
a camera derived NDVI (Filippa et al., 2018; Petach et al.,
2014), the option to automate and standardise installation
procedures, the excellent vendor support, and widespread
adoption throughout other international networks (e.g.
NEON, PhenoCam US) motivates the choice of the StarDot
NetCam SCS5 IR camera over other camera types at ICOS
ecosystem stations. However, convenient data collection
using StarDot NetCam SC5 IR cameras comes at the cost
of an ever increasing demand for data storage, compound-
ed by the requirement to protect data against loss through
multiple backups, and an ever increasing burden of quali-
ty control. Although rarely acknowledged, dedicated data
managers and software tools are key to successfully ma-
naging large network infrastructure.

Changes in canopy greenness can be quantified using
a variety of colour indices such as the Gee index, green ex-
cess indices (GEI), green red vegetation index (GRVI) or
colour space transformation such as hue saturation value
(HSV) colour space (Andresen et al., 2018; Nasahara and
Nagai, 2015; Mizunuma et al., 2014; Richardson et al.,
2009; Woebbecke et al., 1995). Time series of canopy
greenness provide information about key processes of the
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Fig. 2. Example of curve fitting outputs for a timeseries of gcc at a deciduous broad-leaf forest (Bartlett Experimental Forest, year
2009). and important phenological events detected automatically with the Phenopix algorithms (Filippa et al., 2016). Plots in the same
row share the same fitting method, whereas those in the same column share the same phenophase extraction method. The root mean
square error (RMSE) for each fitting is also annotated in the first column. Abbreviations are as follows: sos: start of season, pop: period
of peak, eos: end of season, UD: upturn date, SD: stabilization date, DD: downturn date, RD: recession date.

vegetation at the canopy level. In particular, using thresh-
old or curve fitting techniques the approximate timing of
leaf development and senescence can be estimated (Fig. 2).
However, image based indices are not radiometric measure-
ments and phenological metrics derived from digital ca-
meras are related to temporal changes in canopy foliage or
leaf pigment changes integrated across a larger ROI or on
a pixel by pixel basis (Bowling et al., 2018; Snyder et al.,
2016; Wingate et al., 2015). This lack of a radiometrically
correct interpretation of the derived data poses challenges
in the quality control of the data. For example, snow nega-
tively affects data quality by introducing spuriously low
Gcec values. Sun glare and improperly exposed images can
cause similar aberrant colour index values, in particular
when a camera is facing in the direction of the sun.

The described protocol ensures that the orientation of
the camera will be favourable. Recent advances in both
post-processing, using outlier detection (Hufkens et al.,
2018; Richardson et al., 2018a,b) and Machine Learning
(Kosmala et al., 2016) techniques, ensures automated
quality control. Yet, some steps still require manual inter-
vention and remain time intensive. For example defining

ROIs or detecting changes in the field of view can not
be automatically defined. Ongoing development of new
tools, such as the drawROI tool by Bijan Seyednarollah
(https://github.com/bnasr/drawROI) or Machine Learning
techniques based on Convolutional Neural Networks
(Hufkens, preliminary results; Fig. 3) will further facilitate
the manual delination of ROI through easy workflows or
near complete automation, respectivelly. However, even
with consistent instrumentation and quality control the data
retrieved remains effectively a unitless measurement and
site inter-comparison in absolute Gce values is often not
possible. Normalizing Gee values between 0 (baseline) and
1 (maximum) and constraining the maximum amplitude
using external (climate) variables could be one solution to
overcome this problem especially in moisture limited eco-
systems (Hufkens et al., 2016). Both the instrumental setup
dealing with the orientation and standardization of the field
of view, and consistent and standardized processing limit
sources of additional error in the final data products.

Other important information can be derived from the ac-
quired images. Although, phenological events such as flo-
wering and fruiting are difficult to detect, they can be
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Fig. 3. A pixel level classification (left panel), with 8 different
classes, of a single PhenoCam image at Harvard Forest (right
panel) using a Convolutional Neural Network (CNN) classifier.

visually classified (Inoue ef al., 2015; Nagai et al., 2011;
Wingate et al., 2015) and can often explain changes in the
seasonal patterns of the RGB time series (Inoue et al., 2015;
Wingate et al., 2015). Similarly, phenocams can also be
used for the detection of snow-cover or melt (Bernard et al.,
2013; Dickerson-Lange et al., 2015; Ide and Oguma, 2013),
and vegetation disturbances (Richardson ef al., 2018b). For
example, Dickerson-Lange et al. (2015) deployed pheno-
cams beneath forest canopies exposed to different levels of
management on the Pacific North-West Coast of America
and could show that the duration of snow cover measured
by phenocams varied consistently between replicated forest
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plots with different stand densities at different elevations
and was consistent with step changes in co-located con-
tinuous soil temperature measurements. Such long-term
information can be valuable for assimilating in models
and help characterise better key ecohydrology and biogeo-
chemical processes including the soil heat and evaporative
fluxes as well as changes in the respiratory metabolism
of belowground soil communities (Robroek et al., 2013).
Such studies demonstrate the added-value of collecting
both above-canopy and below-canopy images to connect
variations in ecosystem energy and water balance to phe-
nological change at ICOS sites over the coming decades.
The recent development of affordable cameras that can
acquire information on both the RGB and NDVI signals
may further improve our understanding of evergreen for-
est canopy phenology and physiology (Filippa et al., 2018;
Petach et al., 2014). By computing the Gee and NDVI
with the same camera it is possible to tease apart important
changes in the physiological and structural properties of the
canopy that are both sensitive to changes in climate and
important for understanding large-scale phenology patterns
across the Mediterranean, temperate and boreal regions
encompassed by the ICOS network of flux towers equipped
with phenocams (Fig. 4). For example, Filippa et al. (2018)
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Fig. 4. Seasonal course of NDVI and GCC obtained from NIR-enabled Stardot Cameras from three different PhenoCam sites. DBF:
deciduous broad-leaf forest; ENF: evergreen needle-leaf forest; GRA: grassland.
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has shown that both Gee and NDVI values diverge due to
differences in the timing of the change in leaf area index
and leaf colour.

Although previous comparisons have been made bet-
ween camera-derived and satellite-derived greenness indi-
ces (Hufkens et al., 2012; Klosterman et al., 2014; Liu et
al.,2017; Ide et al., 2011) the deployment of new high spa-
tial resolution platforms such as Sentinel-2 (https://sentinel.
esa.int/) and WorldView3 (http://worldview3.digitalglobe.
com/) would merit additional efforts into the validation and
upscaling of phenocam products (Vierling et al., 2018).
Similarly, further comparisons between ecosystem fluxes
(Richardson et al., 2010; Toomey et al., 2015), LAI or other
vegetation structural changes (D’Odorico et al., 2015;
Keenan et al., 2014; Wingate ef al., 2015) gathered as part
of the manual inventories (see this issue) would allow for
a better understanding of the optical signals detected by
cameras and increase their potential use in constraining
ecosystem models (Chen et al., 2016; Hufkens et al., 2016;
Melaas et al., 2016; Migliavacca et al., 2011).

Phenocams have been shown to provide a robust, sim-
ple and cost effective method to quantify the variability
of canopy phenology that is consistent with eddy covari-
ance flux measurements and satellite observations. At the
same time, novel image processing techniques are gradu-
ally unlocking all information carried by phenocam data,
expanding upon simple colour indices and providing
insight in ecosystem disturbances, land surface dynamics,
and classical phenological metrics such as flowering. The
increasing availability of Machine Learning techniques
might also prove to be an important tool in detecting clas-
sical phenology metrics from the information contained
within individual phenocam images, and currently not
easily detected using phenocam indices (e.g. Kosmala ef
al, 2016). Phenocams colocated with ICOS ecosystem
stations therefore have a transformative potential, which
through model evaluation, will help us better understand
how climate change drives phenology, ecosystem distur-
bances as well as the carbon uptake period of ecosystems,
including their biosphere-atmosphere interactions, across
Europe. This ICOS repository when linked with the other
growing open repositories of phenocam images such as
the US PhenoCam (Richardson et al., 2018a,b) and the
PEN network in Asia (Nagai et al., 2018) will provide
a unique digital archive for Earth System scientists and
profound visual evidence of the impact of climate change
on natural ecosystems across the world in the forthcoming
decades.

CONCLUSIONS

1. The installation of digital cameras that take daily
images of plant canopies across the ICOS ecosystem sta-
tions will provide a reliable and important visual record of
variations in canopy state and colour.
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2. The standardisation of camera type and subsequent
automation will facilitate the determination of consistent
and reproducible canopy phenology products across diffe-
rent plant functional types across a coherent pan-European
flux network.

3. This ground-based network will provide a link to new
satellite products coming online with in-situ measurements
of phenology and NDVI for calibration and inter-compar-
ison purposes.

4. The final data products and installation instructions
guarantee compatibility with other camera networks such
as the National Ecological Observatory Network (NEON)
and PhenoCam US, supporting large scale international
collaborations.
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