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a b s t r a c t

We developed and tested the use of light emitting diodes (LEDs) to monitor vegetation reflectance in
narrow spectral bands as a tool suitable for quantifying and monitoring ecosystem structure, function
and metabolism. LEDs are appealing because they are inexpensive, small and reliable light sources that,
when used in reverse mode, can measure spectrally selective radiation. We selected LEDs in red and near-
infrared wavebands as they are used to calculate the normalized difference vegetation index (NDVI). The
lab experiments revealed that the LEDs showed linear relation with a hyper-spectral spectroradiometer
(R2 > 0.94 and 0.99 for red and NIR, respectively) and marginal sensitivity to temperature. To test the
efficacy of this novel sensor, we measured spectral reflectance with LEDs over an annual grassland in
California over 3.5 years. The LED-sensor captured daily to interannual variation of the spectral reflectance
eaf area index
DVI

at the two bands with reliable and stable performance. The spectral reflectance in the two bands and
NDVI proved to be useful to identify the leaf-on and leaf-off dates (mean bias errors of 5.3 and 4.2 days,
respectively) and to estimate canopy photosynthesis (R2 = 0.91). We suggest that this novel instrument
can monitor other structural and functional (e.g. leaf area index, leaf nitrogen) variables by employing
LEDs that have other specific wavelengths bands. Considering that off-the-shelf LEDs cover a wide range
of wavebands from the ultraviolet to near-infrared regions, we believe that the research community could

instr
explore a range of similar

. Introduction

Linking spectral reflectance indices with vegetation structure
e.g. leaf area index (LAI)), function (e.g. nitrogen (N), phenol-
gy) and metabolism (e.g. gross primary productivity, evaporation)
as advanced the understanding of ecosystem processes and their

nfluence on biosphere-atmosphere interactions (Baldocchi et al.,
996; Gamon et al., 2006b; Running et al., 1999). The reflectance
f solar radiation in the visible and near-infrared portions of

he electromagnetic spectrum is correlated with vegetation sta-
us, development and growth, and is monitored for this reason
n remote sensing of terrestrial vegetation. Spectral reflectance

easured from air- and space-borne platforms covers broad areas
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uments across a range of bands for a variety of ecological applications.
© 2010 Elsevier B.V. All rights reserved.

repeatedly, but such measurements are prone to contamination by
atmospheric effects (e.g. aerosol, clouds, etc.) (Kobayashi and Dye,
2005). Thus, continuous observation of vegetation reflectance in
situ is warranted to better understand the vegetation status with
direct high spatial and temporal resolution data (Gamon et al.,
2006b).

Efforts to monitor vegetation spectral reflectance continuously
have been initiated in several studies, including sophisticated
multi-angle hyper-spectrometer (Hilker et al., 2007; Leuning et al.,
2006), a rotating hemispherical spectrometer (Nagai et al., 2010)
and a dual detector spectrometer attached to a mobile tram system
(Gamon et al., 2006a). However, commercially available spectrom-
eters used in the previous studies are expensive. The combination
of PAR and solar radiation sensors was used as a proxy of NDVI,
but their broad wavebands caused narrow range of NDVI com-

paring to the narrowband NDVI sensor (Huemmrich et al., 1999).
Recently, a narrow-band spectrometer equipped with photodiodes
in a moderate cost ($720 per pair) was reported (Garrity et al.,
2010). That system requires narrow-bandpass filters to measures
spectral reflectance for specific wavebands and the cost of the fil-
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ers constitute a large portion of the total price (Garrity et al., 2010).
lternatively, light emitting diodes (LEDs) have the potential to
easure vegetation spectral reflectance for a wide range of nar-

ow and selective wavebands without the use of narrow-bandpass
lters (RayChaudhuri and Sen, 2009). In particular, their low price
several dollars per LED) has much appeal.

Light emitting diodes are semiconductor devices that gener-
te incoherent light in narrow spectral bands when an external
oltage applied across the semiconductor junction allows a suffi-
ient amount of high energy electrons to recombine with holes,
roducing light by spontaneous emission (Acharya et al., 1995).
onversely, when light in a given energy bandwidth is applied into
he junction, electron-hole pairs are generated and a photocurrent
roduced. Atmospheric scientists applied this principle to monitor
recipitable water over 10 years with very reliable stability (Brooks
nd Mims, 2001; Mims, 1992, 2002). However, the application of
EDs to monitor vegetation reflectance is at the very beginning.

LEDs have the potential to provide multi-band reflectance
ecause commercially available LEDs exist for many wave-

ength bands, including ultraviolet, blue, green, red, and near-
nfrared. Valuable information can be inferred from multispectral
eflectance in ecological studies because numerous aspects of
cosystem structure, function and metabolism show wavelength-
pecific responses (Asner and Martin, 2009; Sellers, 1985; Ustin et
l., 2004). Thus it is possible to construct a spectrometer that com-
ines LEDs covering different wavelength bands to monitor specific
cological processes.

There has been pressing need to monitor phenology (Morisette
t al., 2009) because length of growing season modulates annual
arbon uptake (Baldocchi et al., 2001; Black et al., 2000; Carrara
t al., 2003) and evaporation (Ryu et al., 2008) of ecosystems and
ecause phenology produces an independent signature of climate
hange (Parmesan and Yohe, 2003; Peñuelas et al., 2009). Inferring
henological events based on satellite-derived spectral reflectance
as been widely used with moderate spatial (several km) and tem-
oral (8-day or half-monthly) resolutions (White et al., 2009). In
itu optical sensors have been used to quantify canopy structure
Leblanc et al., 2005; Ryu et al., 2010a,b) but the regular use for

onitoring phenology has been limited due to logistic constraints
Barr et al., 2004). LEDs have the potential to continuously monitor
henology with high spatial and temporal resolutions at the field
cale.

In this study, we examine the performance of a novel LED-sensor
hat we designed, built and tested for 3.5 years over an annual grass-
and of California. In this paper, we describe the novel LED-sensor
nd test its performance in the lab and in the field and investigate
ow the instrument allows us to answer a variety of remote sensing
cience questions on its utility to predict variables related to vege-
ation structure, function and metabolism using a multi-year data
et. Specifically, we address three scientific questions including:
1) How does solar zenith angle influence spectral reflectance and
DVI of the LED-sensor? (2) Can this new instrument monitor sea-

onal and interannual variations of vegetation spectral reflectance?
3) Can the new instrument track temporal changes in ecosystem
henology? and (4) Can the instrument be used to estimate the
anopy photosynthesis, LAI and N for an annual grassland?

. Developing and testing of LED-sensor

.1. Study site
The study site is an annual grassland (Vaira Ranch, latitude:
8.413◦N; longitude: 120.951◦W; altitude: 129 m) in central Cal-

fornia, USA (Ryu et al., 2008). It experiences a Mediterranean-type
limate with dry hot summers and wet mild winters. Precipi-
teorology 150 (2010) 1597–1606

tation is concentrated between November and May with little
precipitation during the summer. The grass is dominated by cool-
season C3 annual species, including Brachypodium distachyon L., and
Hypochaeris glabra L. (Ma et al., 2007; Xu and Baldocchi, 2004).
Grasses usually germinate around November with the beginning
of winter rainfall and grow between December and May, followed
by quick senescence with the onset of the summer drought.

2.2. Development of LED-sensor

2.2.1. Description of LED-sensor
We developed the LED-sensor in 2004. In general, LEDs are used

as photo detectors and produce a relatively high voltage (∼1VDC)
that is non-linear with intensity. In reverse mode they produce a
small current (micro-amps) that is linear with intensity of inci-
dent light (RayChaudhuri and Sen, 2009). To measure this current,
a chopper-stabilized and low temperature coefficient operational
amplifier (op-amp LTC1050) was used as an inverting amplifier
where Vout = −Iin × Rf. That is, the voltage out (Vout) equals the nega-
tive current in (from the LED, −Iin) times the feedback resistor (Rf).
Two LEDs were wired in parallel to double the base current and
connected in reverse polarity to the op-amp to correct the sign of
the output voltage. The op-amps required power and this was sup-
plied with a DC/DC power supply that accepts a wide range of input
voltages (9–36VDC) and outputs very stable 12VDC power. The
voltage outputs from the op-amps were read by a Campbell data
logger (CR23x) once every 10 s and recorded as 30 min averages.
The schematic of the LED-sensor with a list of parts is illustrated
in Fig. 1. The components with the lowest temperature coefficient
available were used. The cost of one LED-sensor including all parts
was approximately 150$.

2.2.2. Selecting LEDs
We selected two bands of LEDs that include red (peak sensitiv-

ity: 646 nm, full width half maximum (FWHM): 56 nm, field of view
(FOV): 120◦, model: Lumex SSL-LX5093SRD, Palatine, IL) and near-
infrared (peak sensitivity: 843 nm, FWHM: 72 nm, FOV: 80◦, model:
Fairchild F5E3, San Jose, CA). The spectral, thermal and angular
characterizations of the light emitting diodes as detectors were car-
ried out at the Center for Applied Science and Technology of the
National Autonomous University of Mexico (Rosete-Aguilar et al.,
2003; Ruiz-Mercado, 2005) and at the National Metrology Center in
Querearo, Mexico (Arroyo Camacho et al., 2004). Among the avail-
able wavebands in off-the-shelf LEDs, we selected this pair based
on their spectral response, seeking to avoid atmospheric absorption
bands and to match as close as possible the red (620–670 nm) and
NIR (841–876 nm) spectral bands of the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) which are used to calculate MODIS
normalized vegetation index (NDVI) (Huete et al., 2002; Tucker,
1979):

NDVI = �NIR − �RED

�NIR + �RED
(1)

where �NIR and �RED are reflectance of NIR and red bands, respec-
tively.

2.2.3. Description of the sensor head
The upward facing sensor head was constructed from 6.35 mm

(1/4 in.) and 9.53 mm (3/8 in.) wide rings cut from 50.8 mm (2 in.)
OD aluminum pipe with 6.35 mm (1/4 in.) thick wall. These rings
sandwiched a circular plate 1.59 mm (1/16 in.) thick cut from

round aluminum bar. The 6.35 mm (1/4 in.) ring was placed above
the plate and the 9.53 mm (3/8 in.) ring below the plate. A
50.8 mm (2 in.) diameter disk of 0.79 mm (1/32 in.) thick Teflon
sheet (Teflon®, DuPont, Wilmington, DE, USA) was placed on the
top to diffuse the light to reduce the directional characteristics
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Fig. 1. Schematic of LED NDVI sensor. R1 = 150 k�, 0.1% 10 ppm/C; R2 = 100 k�, 0.1%, 10 ppm/C; R3 = 1 M�, 0.1%, 10 ppm/C; R4 = 499 k�, 0.1%, 10 ppm/C; D1, D2, D5, D6 = Lumex
Inc. smf-hm1530srd-509; D3, D4, D7, D8 = fairchild semiconductor, F5E1; C1, C2 = 4.7 �F, electrolytic; C3, C4 = 0.01 �F, ceramic; C5 = 4.7 �F, tantalum; L1, L2 = KOASpeer,
2 lEx, 24D12.250HW. D1–D4 are incoming radiation collectors and D5–D8 are reflected
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.2 �H, LPC4045LTED2R2M; U1, U2, U3, U4 = linear technology, LTC1050; PS1 = Ca
adiation collectors.

f the LEDs. Thus, the full viewing angle of the LED-sensor for
oth upward and downward was approximately 180◦. Four LEDs
two red and two NIR) were mounted through the plate and
ffixed to the plate with a small circuit board using a central 6-
2 screw. The whole assembly was bolted to a mounting arm
sing four 6-32 bolts running vertically though the Aluminum and
eflon parts at equal intervals around the diameter of the head.
he downward sensor head was constructed similarly but ori-
nted in the opposite direction. The outside was painted white
o seal joints and reduce solar heating. Fig. 2 shows the sensor
ead.

.3. Testing the LED-sensor

.3.1. Comparing LED-sensor with hyper-spectrometer in the lab
A laboratory experiment was conducted to compare the

esponse of both the upward and downward red and NIR LED-
ensor faces with a hand-held spectrometer (USB2000, Ocean
ptics Inc., Dunedin, FL), which had been calibrated against a
ational Institute of Standards and Technology (NIST) traceable,

ungsten halogen light source. The two LED-sensor faces and spec-
rometer head were placed together as closely as possible and
xposed to a 100 W incandescent bulb with reflective hood. The
ight source started at 40 cm above the sensor faces and was

oved away in 22 steps of 2.54 cm. The output of the spectrometer
counts, 250 ms integration) was sub-sampled using the normal-
zed response spectrums of the LEDs and then compared to the
utput of the LEDs (mV). This test showed high linear relation
etween the LEDs and the hyper-spectrometer with the LEDs hav-

ng R2 values greater than 0.94 for the red and greater than 0.99
or the NIR (Fig. 3). These results are in agreement with previous

aboratory studies of the linear response of similar LED radiometers
Velasco-Segura, 2005; Velasco-Segura and Rosete-Aguilar, 2003)
hat have shown the non-linearity of such systems to be well under
% and to be comparable to identical circuits using regular silicon
hotodiodes as detectors.
Fig. 2. LED-spectrometer head. The two red sensors are LEDs in the red wavelength,
and the two colorless sensors are LEDs in the NIR wavelength. The white cover is
Teflon to diffuse the incoming light. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

2.3.2. Field comparison of spectral reflectance between
LED-sensor and hyper-spectrometer

For field application, we installed the LED-sensor on a horizontal
boom 3 m above the ground surface. A data logger (Model CR23X,
Campbell Sci., Inc., CSI, Logan Utah) sampled irradiance from the
four channels every 10 s and stored half-hour mean values.

To evaluate the stability of the LED-sensor, we regularly mea-
sured hyper-spectral reflectance (range: 400–900 nm, FWHM:
1.3 nm) at the canopy scale with the hand-held spectrometer
(USB2000, Ocean Optics Inc., Dunedin, FL). The spectrometer was
mounted on a portable tripod with an attached aluminum boom,

connected to a 2 m fiber optic transmitter and a cosine-corrector
(Teflon®) with a 180◦ FOV. Measurement height above the grass
canopy was kept at 1 m. Vegetation spectral reflectance was
obtained by measuring both incoming and reflected irradiance
spectra with the same spectrometer in sequence, using the same
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Fig. 3. Scatterplots between hyper-spectrometer and LED-sensor outputs tested in the lab with a stable light source. Peak and full-width-half-maximum (FWHM) of red
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nd NIR LEDs were 646 (56) and 843 (72) nm, respectively (parenthesis values indi
aveband for upward red-LED and hyper-spectrometer. (c) NIR waveband for do
yper-spectrometer.

ntegration time and instrument configuration. We randomly sam-
led at least three points within a 5-m radius of the LED-sensor and
hen averaged the spectral reflectance of the samples. The output
f the hand-held spectrometer was sub-sampled to match the red
nd NIR bands in the LEDs (Fig. 4a). We found that there has been
o significant drift in the two bands by comparing the mean ± 95%
onfidence intervals of the slopes for the 3.5 years (p > 0.05, linear
egression forced to pass through the origin) (Fig. 4). Finally, we
orrected the raw reflectance of the LED-sensor by dividing by 1.33
red band, the slope of Fig. 4a) and 1.68 (NIR band, the slope of
ig. 4b).

.3.3. Response of red and NIR LEDs to different solar zenith
ngles

To test the cosine response of LED-sensor equipped with Teflon
iffuser, we compared the relative response of red and NIR LEDs
upward direction) with the ideal cosine curve (Fig. 5). The differ-
nce between the LEDs and the ideal cosine curve was less than
0% within 60◦ of solar zenith angle and was ∼30% at 70◦ of solar
enith angle. This response is comparable with the photodiode-
ased spectrometer (Garrity et al., 2010).

.3.4. Temperature sensitivity of LED-sensor
We quantified the temperature sensitivity of the LED-

ensor using the following equation (Arroyo Camacho et al.,
004):

s(T2) − s(T1) 1

T-rel =

(s(T2) + s(T1))/2
·

T2 − T1
(2)

here CT-rel is the temperature coefficient (1 ◦C−1), s(T) is signal at
emperature T. This sensitivity test was carried out at the Center
or Applied Science and Technology of the National Autonomous
WHM). (a) Red waveband for downward red-LED and hyper-spectrometer. (b) Red
rd NIR-LED and hyper-spectrometer. (d) NIR waveband for upward NIR-LED and

University of Mexico (Arroyo Camacho et al., 2004; Ruiz-Mercado,
2005). The CT-rel of the LED Red and NIR at their peak wavelengths
(646 and 843 nm for red and NIR, respectively) were 0.3% ◦C−1 and
−0.02% ◦C−1, respectively in the range of 20–52 ◦C. We installed
thermocouples in the upward and downward faces of the LED-
sensor in the field and have collected the LED-sensor temperature
data. There was almost no temperature difference between the two
faces (RMSE = 0.16 ◦C) and midday temperatures ranged from 7 to
46 ◦C over the 3.5 years. We tested the effects of LED tempera-
ture on the red and NIR reflectance and NDVI. Among 1-month
data during the summer dry season when the grass is dead (DOY
210–240 in the 2006 year), we only selected the data for clear
sky days and fixed solar zenith angle (30◦). The volumetric soil
moisture at the 5-cm depth ranged 3.3–3.5% during this period.
The LED temperature varied from 27 to 40 ◦C, but the red, NIR
reflectance and NIR did not change much. The red reflectance
ranged 0.17–0.18, the NIR reflectance varied 0.29–0.31, and NDVI
ranged 0.25–0.29. The slopes of the three figures showed no sig-
nificant difference from zero (linear regression, p = 0.9, 0.4, and
0.2 for red, NIR and NDVI, respectively). It should be noted that
since the LEDs exhibit a very linear thermal response within these
temperature ranges (Arroyo Camacho et al., 2004), the tempera-
ture sensitivity of LED-sensor is largely removed because we used
ratio of upward and downward LEDs, which had almost identical
temperature.
3. Ancillary measurements to test LED-sensor for
monitoring ecosystem structure, function and metabolism

We used an eddy covariance system to measure net ecosys-
tem carbon exchange (NEE). Ecosystem respiration was quantified
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Fig. 4. Inter-comparison of reflectance between LED-sensor and hyper-
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pectrometer for (a) red and (b) NIR. The raw LED-sensor reflectance was
orrected by dividing by the slopes (see Section 2.3.2). (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
he article.)

ased on the regression models between nighttime NEE and soil
emperature at 4 cm depth for measurements under high tur-
ulence condition (friction velocity > 0.1 m s−1). Then grass gross
hotosynthesis was quantified as the difference between NEE and
cosystem respiration (Ma et al., 2007). We regularly measured
rass LAI during the active period by harvesting four sample plots
0.25 m × 0.25 m). Leaf nitrogen content of grass (% of dry weight)
as determined with a plant chemical analyzer at the Center for
table Isotope Biogeochemistry, UC Berkeley. We recorded grass
reen-up and senescence dates when 90% of grass community was
ither alive or dead, respectively, based on weekly to bi-weekly
isual inspections (Table 1).

ig. 6. Scatterplots between LED temperature and (a) red reflectance, (b) NIR reflectance,
he grass is dead. During this period, we selected data for the fixed solar zenith angle (60
Fig. 5. Relative response of the red and NIR LEDs compared with the ideal cosine
curve. The data was taken in DOY207, 2007.

4. Application of LED-sensor

4.1. Effects of the solar zenith angles on the red, NIR reflectance
and NDVI of the LED-sensor

The dependence of the spectral reflectance on the solar zenith
angle is crucial to understand seasonal variations of spectral
reflectance and vegetation indices. For example, Sims et al. (2006)
reported that the diurnal variation of NDVI was larger than the
seasonal variation of NDVI in a chaparral site, and the seasonal
variations of NDVI in the local noon and solar zenith angle at
60◦ were out-of-phase and showed different magnitudes. Thus
we investigated the effect of solar zenith angle on the spectral
reflectance and NDVI at both diurnal and seasonal scales. In our
study site, we found that diurnal variation in the red reflectance
was less than 0.15. The NIR reflectance showed greater diurnal
variation over the course of the year up to 0.3 (Fig. 7b). However,
the NDVI did not show pronounced diurnal variation (Fig. 7c) con-
trary to the Sims et al. (2006). We presume that the land surface
heterogeneity would explain the discrepancy. The vegetation dis-
tribution was clumped and half of the surface was bare soil at
the study site of Sims et al. (2006) (see Fig. 8 in Gamon et al.,
2006a) whereas the grass community covered most land surface
in the current study site. Next, we compared the NDVI, red and NIR

reflectance between the local noon and fixed solar zenith angle
at 60◦ in the year of 2007 (Fig. 7d–f). Both red and NIR reflectance
showed large difference in their magnitudes between the two cases
in the summer when the grass is dead and solar zenith angle
is much lower than 60◦. However, the two cases were in-phase

and (c) NDVI during the summer dry season (DOY 210–240 in the 2006 year) when
◦) and clear sky days.
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Fig. 7. (a)–(c) Diurnal variation of red reflectance (a), NIR reflectance (b), and NDVI (c) at five dates. DOY50 (green-up), DOY100 (peak green), DOY150 (green-down), DOY200
(dead grass), DOY300 (leaf-on). (d)–(f) Daily variation of red reflectance (d), NIR reflectance (e) and NDVI (f). The values were calculated at fixed solar zenith angle (60◦) and
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nd shared important transition points (e.g. peak timings, reflec-
ion points). Again, the NDVI was not sensitive to the solar zenith
ngle and showed similar seasonal pattern between the two cases
Fig. 7f).

We tested the impact of sky condition on the spectral reflectance
nd NDVI (Fig. 7g–i), which could help better interpret their sea-
onal variation. As expected, both red and NIR reflectance were
trongly related with the solar zenith angle only on the clear sky
ay (DOY 112), not on the cloudy sky day (DOY111). Overall, the
DVI showed very small diurnal variation (only 6% variation of the
ean value) and it was slightly higher for the cloudy day than the

lear sky day (Fig. 7i). It is notable that the clear and cloudy lines
ntersected at ∼50◦ of solar zenith angle (Fig. 7g and h), indicat-
ng that spectral reflectance of cloudy condition could be higher or
ower than that of clear sky depending on the solar zenith angle.
or example, in the grey box of Fig. 7e, the deviated points from
he general pattern were cloudy sky days. For those cloudy days,
he local noon data (20–40◦ of solar zenith angle in this period)
nd the data at the 60◦ of solar zenith angle presented the opposite
igns from the general pattern because of the solar zenith angle.
he LED-sensor allows us to investigate the effect of sky condi-

ion on the spectral reflectance which is hard to obtain from the
atellite or periodic manual sampling. We conclude that the red
nd NIR reflectance are moderately to strongly related with solar
enith angles, but the NDVI is not sensitive to the solar zenith angle
n the study site.
om the LED-spectrometer between cloudy (DOY111) and clear (DOY 112) sky days.
the web version of the article.)

4.2. Seasonal and interannual variation of spectral reflectance

The red and NIR reflectance at local noon showed pronounced
seasonal and interannual variability (Fig. 8b). The NDVI ranged from
0.2 to 0.85 as LAI varied from near 0 to 2.5, thus the LED-sensor
detected a broad ranges in vegetation condition. Healthy green veg-
etation absorbs most of the incident visible radiation, particularly
in the red portion of the spectrum, and reflects and transmits most
of the incident NIR. Consequently, the temporal variation of the
red and NIR reflectance was mirrored when grasses were active.
Notably, the first and second rain pulses after the prolonged sum-
mer drought caused an abrupt decrease of the spectral reflectance
of both wavelength bands.

The LED-sensor was able to track interannual variations in
canopy structure as well. We observed the lowest LAI (Fig. 8c) and
canopy photosynthesis (Fig. 9b) in 2008, which recorded the low-
est rainfall among the 4 years (Fig. 8a). The NDVI signal agreed
with those observations by showing the lowest peak NDVI value
in 2008 (Fig. 8c). The NIR reflectance in the 2008 spring was the
lowest among the 4-year springs, presumably because low green
LAI reduces NIR reflectance in dark background (Gao et al., 2000;

Hollinger et al., 2009; Sellers, 1985) (Fig. 8c). We found that both red
and NIR reflectance during the dry summer 2008 was significantly
lower than the other years (DOY 200–260, p < 0.05, Tukey–Kramer
test). Dead grass is very bright (higher reflectance) compared to the
darker background soil. Thus we assumed that less grass produc-
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Fig. 8. (a) Time series of daily rainfall. (b) Red and near-infrared reflectance (local noon) of LED-spectrometer from 2006 January to 2009 June. Vertical arrows indicate the
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midday) and leaf area index (weekly to bi-weekly when grass is alive) measured usi
he vertical dashed (solid) lines indicate the dates of grass offset (onset) (see Secti
eader is referred to the web version of the article.)

ion in the previous growing season led to less dead grass biomass,
igher proportion of the darker background soil within the FOV of
he LED-sensor, thus lower reflectance at the red and NIR bands
Middleton, 1991). The previous studies conducted at the same
ite showed that maximum grass LAI is very sensitive to the rain-
all amount in the spring (Ma et al., 2007; Ryu et al., 2008). Thus
he spring rainfall would be the main driver to control the carbon
equestration in the spring and the land surface radiation balance
uring the summer. Continuous monitoring of the vegetation spec-
ral reflectance will be useful to test this hypothesis. The above
nalysis and interpretations are valid even using the red and NIR
eflectance data at 60◦ of solar zenith angle.

.3. Extracting key phenological events of grass community

LED-based reflectance clearly showed the phenological cycles
f the grass community (Fig. 8b and c). We visually identified the

ates of leaf-on when red (NIR) reflectance abruptly decreases
increases) after autumn rainfall (vertically solid lines in Fig. 8a and
), which indicates the onset of photosynthesis. They showed low
bsolute mean bias error (5.3 ± 0.4 days, mean ± standard error)
gainst weekly to bi-weekly field observation (Table 1). We deter-

able 1
eaf-on and leaf-off dates recorded from field observation (weekly to bi-weekly)
nd LED-sensor.

Leaf-on dates (day of year) Leaf-off dates (day of year)

Observation LED-sensor Observation LED-sensor

2005–2006 154 155
2006–2007 312 307 152 158
2007–2008 289 283 146 149
2008–2009 308 303 147 154
Mean 303 297.7 149.8 154
s indicate an example of the cloudy condition. (c) Time series of LEDs derived NDVI
vest method. All LEDs reflectance was calculated at local noon time measurements.
for details). (For interpretation of the references to color in this figure legend, the

mined the leaf-off dates as averages of when the NIR reflectance is at
its minimum and the slope of the red reflectance abruptly changes
(vertically dashed lines in Fig. 8b and c), indicating that the grass
LAI is at a minimum. The calculated leaf-off dates also showed low
absolute mean bias error (4.2 ± 1.6 days) against field observation.
Leaf-on and leaf-off dates, derived from the LED-sensor, defined the
seasonality of LAI values well (Fig. 8c). Strengths of using the LED-
sensor for phenological research include high temporal resolution
and general applicability regardless of weather conditions except
for when the foreoptics are wet. Satellite-based phenology studies
have coarse temporal resolutions, and thus the interpolation of a
time series into daily resolution remains a critical issue (Morisette
et al., 2009; White et al., 2009).

4.4. Investigating seasonality of canopy photosynthesis

Canopy photosynthesis is an essential variable to understand
the interactions between ecosystem and climate, yet measuring
canopy photosynthesis has been limited due to expensive instru-
ment systems (e.g. eddy covariance method Baldocchi, 2008) or
labor-intensive ecosystem inventory (Clark et al., 2001). Alter-
natively, the remote sensing community has used normalized
difference vegetation indices widely to infer canopy photosynthe-
sis (Fung et al., 1987; Gamon et al., 1992; Gitelson et al., 2003;
Sellers, 1985); remotely sensed vegetation index, like NDVI, has to
be used with caution because NDVI is known to saturated where
LAI is greater than 3 (Sellers, 1985). For the California grassland,
we found that NDVI values, derived from the LED-sensor, explained

91% of variance in the canopy photosynthesis over 3.5-year (Fig. 9b).
At our study site, LAI is typically less than 3 and most canopy photo-
synthesis happens in the wet period. Consequently, NDVI is a good
indicator to estimate canopy photosynthesis of annual grasslands
as reported by Gamon et al. (1995).
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Fig. 9. (a) Time series of daily canopy photosynthesis from eddy flux tower and
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that a normalized difference spectral index that combines green
idday LEDs derived NDVI in 2007. (b) Scatter plot between 8-day mean of midday
EDs derived NDVI and 8-day mean canopy photosynthesis from 2006 January to
009 July. Dashed line indicates 95% confidence interval on the linear regression
solid line).

An exponential relation between NDVI and canopy photo-
ynthesis is notable over the course of the growing season
November–May) (Fig. 9b). This non-linearity occurs because
anopy photosynthesis is a multiplicative function of two processes
pon which NDVI could be correlated; these are the fraction of
bsorbed PAR (fPAR) (Goward and Huemmrich, 1992; Sellers, 1985;
ims et al., 2006) and light use efficiency (Nakaji et al., 2008; Sims
t al., 2006). Consequently, the increase in the first derivative of
he exponential curve with NDVI is a reflection of the combined
ncrease in leaf area index, fPAR and light use efficiency during
he active growth period when soil moisture is ample. In contrast,
he period when NDVI is low corresponds with the severe drought
eriod when leaf area index, fPAR and light use efficiency are low.
he saturation of NDVI with increase of LAI is unlikely substantial
ecause the maximum LAI in the study site was ∼2.5 where NDVI

s not saturated (Huete et al., 2002; Sellers, 1985). We conclude
hat the exponential relationship between NDVI and canopy pho-
osynthesis may be an inherent property of seasonally droughted
rassland ecosystems when LAI is less than 3.

.5. Exploring optimal LED wavelengths for improved monitoring
f ecosystem structure and metabolism
To explore the potential of other spectral regions to better mon-
tor canopy photosynthesis, LAI and leaf nitrogen related with 4th
cientific question raised in the introduction, we compute a con-
Fig. 10. Contour maps of correlation coefficient (r) between normalized difference
spectral indices using two wavelengths (x and y axis) and (a) canopy photosynthesis
(n = 33), (b) leaf area index (n = 33), and (c) leaf nitrogen (n = 10). White rectangular
box indicates the spectral region of LEDs derived NDVI instrument.

tinuum of normalized difference spectral indices (i.e. Eq. (1) using
two different wavebands) (Inoue et al., 2008; le Maire et al., 2008),
which were measured with the hand-held hyper-spectral radiome-
ter, and correlate these indices with independent variables like
canopy photosynthesis. The area of wavelengths that the LED-
sensor covers (white rectangular box in Fig. 10(a)–(c)) did not
show the highest correlation with these three variables. We found
(∼550 nm) and NIR (730–830 nm) showed the highest correlation
with canopy photosynthesis (Fig. 10a) and LAI (Fig. 10b). This spec-
tral region can be covered by commercially available LEDs so we
have the possibility to redesign the LED-spectrometer by target-
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ng this high correlation spot. We found that leaf nitrogen showed
igh correlation with specific NIR bands (800–850 and ∼780 nm)
r between the red edge (∼700 nm) and blue (∼480 nm) or green
∼520 and ∼580 nm) bands. The off-the-shelf LEDs that can detect
he NIR region are available, but the LEDs are not suitable to mon-
tor the red-edge region because of its very narrow waveband. We
onclude that a wide range of wavebands in the off-the-shelf LEDs
llows us to target the high correlation spectral regions related with
anopy photosynthesis, LAI and N. We also note that LED-sensor has
imitation for monitoring very narrow waveband (e.g. the red-edge
egion).

.6. Broader implications

Based on a variety of spectral wavebands, inexpensive price
nd reliable performance, the LED-sensor has the potential for
ide-spread application on many remote sensing and ecologi-

al topics. Firstly, the LED-sensor has the potential to replace
xpensive four-bands radiometer (Fensholt and Sandholt, 2005)
nd be deployed widely among a number of long-term ecosystem
onitoring programs like the global spectral reflectance network

SpecNet) (Gamon et al., 2006b), Long Term Ecological Research
etwork (http://www.lternet.edu/), National Ecological Observa-

ory Network (http://www.neoninc.org/), global eddy flux tower
etwork-FLUXNET (Baldocchi et al., 2001). Secondly, deployment
f the LED-sensor gives investigators the potential to infer ecosys-
em metabolism, structure and function in treatment plots that

ay be too small for application of the eddy covariance method
r in plots where repeated sample is too expensive, such as in
ree-Air Carbon Dioxide Enrichment (FACE) studies (Norby et al.,
005), biodiversity (Tilman et al., 2001) and biofuel (Heaton et al.,
008) field trials and ecosystem manipulation experiments. Finally,
he LED-sensor could be instrumental in the educational realm as
ell. Students have used an LED-sensor to monitor atmospheric

urbidity in the Global Learning and Observations to Benefit the
nvironment Program (Mims, 1999). Here, we recommend that
tudents use two sets of LED-sensors (upward and downward),
o learn how vegetation reflectance changes with different surface
roperties.

. Summary and conclusions

To link remote sensing with ecosystem fluxes, there are press-
ng needs to develop inexpensive but reliable spectrometers. In
his study, we reported on a novel, inexpensive spectral sensor
quipped with LEDs. The lab and field tests revealed that the
ED-sensor showed highly linear relation with the hyperspectral
pectroradiometer (Fig. 3) and marginal sensitivity to tempera-
ure (Eq. (2), Fig. 6). Based on the 3.5 years of data from an annual
rassland, we found that the LED-sensor is able to monitor daily to
nterannual variations of vegetation spectral reflectances. The con-
inuous measurements of spectral reflectance enabled us to track
he ecosystem phenology (5.3 and 4.2 days of the mean bias errors
t leaf-on and leaf-off dates, respectively) and estimate canopy pho-
osynthesis (R2 = 0.91). The LED-sensor is a cost-effective solution to

onitor vegetation structure and metabolism variables with high
exibility in the wavebands selection than most other spectrom-
ters. We believe that the LED-sensor can be used in a variety of
cological applications.
cknowledgements

Youngryel Ryu was supported by NASA Headquarters under the
ASA Earth and Space Science Fellowship Program (NNX08AU25H)
nd the Berkeley Water Center/Microsoft eScience project. Drs.
teorology 150 (2010) 1597–1606 1605
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