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Quantification of biogenic volatile organic compound (BVOC) fluxes into the atmosphere is crucial to understand their role in atmospheric oxidation and 
biogeochemical cycles. BVOC flux measurements were carried out in nine forest ecosystems using a relaxed eddy accumulation (REA) based sampling system, 
which is easily transportable, simple to operate and designed to be low-cost and therefore can easily be deployed at multiple remote locations. The REA 
measurements were carried out during daytime between 06:00 and 18:30 (Local Time) with a flux averaging period of 30 min. A detailed description of the REA 
sampling setup, operational procedure and validation by comparison with full eddy covariance (EC) BVOC flux measurements is provided. BVOC flux 
measurements from established long-term carbon and water flux tower sites in nine forest ecosystems are compared including Manitou Forest Observatory in 
Colorado, USA (pine woodland forest), Niwot Ridge Amer-iFlux site in Colorado, USA (subalpine forest), Deer Canyon Preserve in New Mexico, USA (pinyon-
juniper for-est), Lei bamboo forest site near Taihuyuan, China, Qianyanzhou ChinaFLUX site in China (pine forest), Baskett Wildfire Refuge MOFlux site in 
Missouri, USA (deciduous oak forest), University of Michigan Biological Station PROPHET site in Michigan, USA (mixed deciduous forest), Changbai Mountain 
Forest Research Station in China (mixed deciduous forest) and the Guyaflux site (GF-Guy) in French Guiana (tropical rainforest). BVOC flux measurements using 
our REA setup confirm dominance of 2,3,2- methylbutenol (2,3,2-MBO) at the Manitou Forest Observatory and Niwot Ridge sites in Colorado. Monoterpene 
fluxes measured by REA showed good agreement (within ±10%) with monoterpene fluxes measured by PTR-MS at the Manitou Forest Observatory. The MOFlux 
site in Missouri was dominated by isoprene emissions (average flux of ~ 9.5 mg m− 2 h− 1) whereas the Deer Canyon site was dominated by α-pinene emissions 
(average flux ~ 0.73 mg m− 2 h− 1). Mixed deciduous forest sites at the PROPHET Station in Michigan and Changbai Mountain Forest Research Station in China 
pri-marily emitted isoprene along with some α-pinene, β-pinene and d-Limonene. Isoprene and α-pinene were the dominant BVOCs emitted from the subtropical 
Lei bamboo plantation at the Taihuyuan site in China while the pine forest site at Qianyanzhou in China were dominated by α-pinene emissions along with 
significant isoprene. BVOC measurements across different seasons (during 2009–2011) at a tropical forest site in French Guiana 
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(Guyaflux site) revealed the dominance of isoprene emissions during all seasons. Irrespective of the type of the forest ecosystem, α-pinene was among the 
dominant monoterpenes emitted from all nine forests.   

1. Introduction

Volatile organic compounds (VOCs) play a critical role in atmo-
spheric chemistry through their participation in photochemical oxida-
tion and the formation of organic aerosols (Hoffmann et al., 1997; 
Hallquist et al., 2009). On a global scale, the major source of these VOCs 
is biogenic processes (Guenther et al., 2006). Therefore, to understand 
atmospheric chemistry pertaining to oxidants and aerosol formation, a 
thorough accounting of biogenic VOCs (BVOCs) is required. However, 
the large variety of vegetation and ecosystems as well as temporal land 
use changes (disturbances, etc.), make this an exceedingly difficult task. 

Current BVOC emission models (Guenther et al., 1995, 2012) typi-
cally group vegetation types into either broad plant functional types 
(PFTs) or specific vegetation types, which are then assigned an emission 
capacity for each BVOC category. Temporal variations are then based on 
emission algorithms driven by observed meteorological variables (pri-
marily radiation and temperature). Although it is desirable to be able to 
experimentally measure emission capacities of individual plants to build 
these emission models, the large diversity in vegetation coupled with the 
added variability of the environmental parameters (i.e., radiation, soil 
moisture) within natural canopies makes this task a near impossibility. 
This gets further complicated by the temporal variations in these natural 
systems (phenology changes, water stress) which are currently poorly 
represented by global BVOC models. Micrometeorological flux tech-
niques provide a method to observationally determine BVOC emissions 
over canopy to landscape scales of hectares to a few square kilometers 
which can be used to parameterize models based on ecosystem type. 
This is especially important in extremely diverse ecosystems such as 
tropical forests which can contain hundreds of tree species within a 
relatively small area (few hectares). 

Eddy covariance (EC) is the most direct and robust micrometeoro-
logical flux measurement method which involves correlating concen-
tration fluctuations with changes in vertical wind velocity (Baldocchi 
et al., 1988; Lenschow, 1995). EC requires simultaneous fast measure-
ments (< 1 s) of 3-dimensional wind velocities and the concentration of 
the species of interest several meters above a suitable vegetation canopy. 
These measurements must be made over all the relative time scales of 
turbulent transport within the atmospheric surface layer. Therefore, the 
EC method requires fast measurements (< 1 s) that can then be averaged 
for longer time scales (0.5–1 h). This requirement contrasts with tradi-
tional analytical methods that have been used for determining atmo-
spheric BVOC concentrations that require longer sampling times. Recent 
advances in the application of the chemical ionization mass spectrom-
etry technique have made such fast BVOC determinations possible (Karl 
et al., 2004; Kaser et al., 2013a; Sarkar et al., 2020). However, this 
instrumentation is relatively expensive and requires considerable 
expertise to operate in the field. In addition, these mass spectrometers 
require substantial power which is often not available at flux tower field 
sites and are difficult to maintain in working order over a longer time 
period (e.g. seasonal studies). Furthermore, CIMS techniques can only 
identify VOCs based on molecular formula and cannot distinguish 
different isomers which can have different atmospheric oxidation rates. 
For example, CIMS techniques can measure the sum of monoterpenes, 
but cannot speciate which monoterpenes are present without some 
preliminary separation technique. 

Therefore, there is a need for alternative flux techniques like Relaxed 
Eddy Accumulation (REA) which are relatively inexpensive, require 
minimal power and can be interfaced with slower analytical methods 
(Rinne et al., 2016). The REA method segregates air samples based on 
rapid (10 Hz) wind fluctuations to different storage reservoirs that can 
be analyzed later by slow methods. Since it was initially proposed by 

Businger and Oncley (1990), the REA technique has been adapted to 
measure ecosystem scale fluxes of trace species ranging from CO2 
(Oncley et al., 1993; Pattey et al., 1993), to aerosols (Schery et al., 1998; 
Gaman et al., 2004), to BVOCs (Bowling et al., 1998; Graus et al., 2006; 
Ciccioli et al., 2003; Gallagher et al., 2000; Greenberg et al., 2003; Zhu 
et al., 1999; Olofsson et al., 2003). The complexity of these previous REA 
measurements have ranged from simple (Bowling et al., 1998) to rather 
complex (Nie et al., 1995; Baum and Ham, 2009; Arnts et al., 2013). As 
our goal is to provide measurements at a wide range of locations, we 
describe in this manuscript a REA-based sampling system that is easily 
transportable, simple to operate and designed to be relatively low-cost. 
This allows these systems to be deployed across a wide range of sites 
with the goal of obtaining BVOC flux measurements across existing flux 
tower networks to determine the magnitude of compounds being 
emitted and to estimate their emission capacities over a variety of eco-
systems. We describe here the deployment of the REA system at nine 
forested sites and compare the observed fluxes, including measurements 
at three sites that have previously been reported and observations from 
an additional six sites that have not previously been published. 

2. Methodology

2.1. Relaxed eddy accumulation (REA) technique 

The technique of relaxed eddy accumulation (REA) segregates air 
into different storage containers based on the direction of the instanta-
neous (> 4 Hz sampling rate) vertical wind velocities. In effect, this 
replaces the need for fast concentration measurement (for the EC tech-
nique) with fast valving and flow control (Lenschow, 1995). With REA, 
air samples are accumulated over a specific period of time (flux aver-
aging period - typically 15–60 mins) in two storage reservoirs – one for 
upward moving air and one for downward moving air. At the end of this 
time period, the two reservoirs are analyzed and the area-averaged flux, 
which is proportional to the concentration difference between the “up” 
and “down” reservoirs, is calculated as described by Businger and 
Oncley (1990): 
Fi = σwb

(

Cup −Cdown

) (1) 
In this equation, σw is the standard deviation of the vertical wind 

velocity, b is an empirical scaling coefficient (described below) and 
Cup and Cdown are the concentrations (densities) of the species of interest 
in the up and down reservoirs, respectively. The b -coefficient can be 
determined from the heat flux (the covariance of w and T or w’T’) by 
conditionally sampling the sonic-derived temperature to obtain average 
temperatures in the updrafts and downdrafts, Tup and Tdown. Re- 
arranging equation (1) will then provide: 

b=
w’T ’

σw

(

Tup − Tdown

) (2) 

Substitution of equation (2) into (1) yields: 

Fi =
w’T ’

(

Tup − Tdown

)

(

Cup −Cdown

) (3) 

This expression is similar to that of the modified Bowen ratio tech-
nique for measuring fluxes from gradient concentrations (Hicks and 
Wesely, 1978) and assumes that heat and the compound of interest are 
both transported in a similar fashion (scalar similarity). We include a 
third reservoir, denoted here as a “neutral”. Air is sampled onto the 
neutral cartridge when the absolute vertical wind velocity is less than 
the chosen threshold. The use of a threshold (or sampling dead band) 
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enhances the concentration difference between the up and down reser-
voirs (Businger and Oncley, 1990; Bowling et al., 1998). 

The system described here is designed to sample air directly onto 
adsorbent cartridges for sampling volatile organic compounds (VOCs). It 
consists of a datalogger (CR1000, Campbell Scientific Inc., Logan, UT)), 
a 3-D sonic anemometer (RM Young, Model 81000V) and a sampling 
segregator where air is sampled onto the adsorbent cartridges. The 
datalogger receives the wind velocity data from the anemometer at a 
sampling rate of 10 Hz and then controls the valves within the sampling 
segregator, selecting the proper cartridge based on the direction of the 
instantaneous vertical wind velocity at the time of the sample capture. 
Fig. 1 shows the detailed schematic of our REA system. 

The segregator consists of 8 inlets which are isolated from a manifold 
with fast solenoid valves (< 10 ms; Numatics, S-series miniature valves). 
Six of these inlets are designated as up/down pairs, while the inlets 7 
and 8 are assigned to a neutral sample and a bypass with no adsorbent 
cartridge attached (Fig. 1). A mass flow controller (MFC, MKS In-
struments, M100B) and finally a small diaphragm pump (KNF Nue-
berger, UNMP015M) is attached to the downstream side of the manifold. 
The analog signal from the mass flow controller is measured and logged 
by the main datalogger. The pump, MFC and the solenoid valves are the 
major contributors to the total system power consumption which was 
measured to be < 20 Watts. Therefore, it is conducive for operation 
using batteries/solar panels at remote locations. 

Adsorbent cartridges are connected to each segregator inlet via ¼" 
Swagelok with a Teflon ferrule. On the upstream side of the cartridge, a 
filter is attached for the removal of ozone which can react with the 
preconcentrated VOCs on the cartridges. These filters consisted of 25 
mm glass fiber filters (Pall Scientific, Acrodisc filters) impregnated with 
either potassium iodide (Greenberg et al., 1994) or sodium thiosulfate 
(Helmig, 1997) which have both been shown to be effective at removing 
ozone without significant loss of most VOC analytes (Helmig, 1997; 
Arnts et al., 2013). 

A typical startup operation involved opening the bypass valve (with 
no adsorbent cartridge) while the datalogger collected wind data to 
initialize the conditional sampling (described below) as well as allowing 
adequate warm-up time for the pump and MFC. Sampling was initiated 
by changing a logical variable on the datalogger keypad. Once engaged, 
the system would begin conditional sampling for the next 30 mins using 
the first pair of cartridges. The REA would then proceed through each of 
the 3 pairs of cartridges, resulting in three consecutive flux 

measurements. The typical flux averaging period was set to 30 mins, 
thus cartridges would have to be exchanged every 90 mins. All three flux 
periods shared a common neutral cartridge. This neutral cartridge has a 
drawback of possible breakthrough of lighter hydrocarbons due to the 
large sample volume from all three samples. This limits the use of this 
cartridge for quantitative concentration assessment. However, the large 
sample volumes have the advantage of providing good signal to noise 
ratio for identifying peaks in the chromatograms. 

The datalogger conditionally samples the sonic-derived temperature 
and computes Tup, Tdown as well as the covariance of w and T (w’T’) and 
σw. Along with the accumulated volumes in the up and down reservoirs 
(from integration of the MFC signal), it saves all the necessary values to 
compute the flux according to equation (1). The mass accumulated in 
the up/down reservoirs (cartridges) are then determined by gas chro-
matography (GC) coupled with both flame ionization (FID) and mass 
spectrometric detectors (MS). The concentrations are then determined 
using the amount of volume that was passed through each respective 
reservoir. 

At the beginning of each flux averaging period, to be able to segre-
gate the sample flow, REA requires an estimation of the mean vertical 
wind velocity (w) and σw. w is required to determine the direction of the 
instantaneous vertical wind velocity (w’ = w(t)−w) and σw is needed to 
calculate the sampling threshold. The threshold is a range of small w’ 

values, centered around w, over which the sample air is collected 
through the “neutral” line. The concentration of the neutral sample is 
not necessary for the flux calculation. We have adapted the recom-
mendations of Businger and Oncley (1990) and used a threshold of ±0.6 
σw. Since only larger eddies (with larger concentration fluctuations) are 
sampled into the up/down reservoirs, the use of this “deadband” effec-
tively increases the differences in the measured concentrations (Cup −

Cdown), easing restrictions on the analytical technique used. Note that 
the b -coefficient must also be computed (from Eqn. (2)) using the same 
deadband as it will affect the value of this scaling coefficient. 

Estimation of both w and σw are required at the beginning of a flux 
averaging period. However, knowledge of the final values ahead of time 
is not possible, leading to a constraint to the REA technique. For long 
term deployments, w was obtained from rotation of the 3-D wind ve-
locities to long-term wind coordinates (Wilczak et al., 2001). However, 
most of the deployments described here were relatively short or required 
either moving or powering off the system between measurements. 
Therefore, upon initial startup of the REA, wind statistics were measured 

Fig. 1. Schematic of the REA setup.  
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for at least 15 mins before collecting air samples to obtain initial esti-
mates of w and σw. Thereafter, initial estimates of w and σw for a given 
flux period were obtained from the previous 30 mins flux averaging 
period. We have found this to be effective when using the similar 
Disjunct Eddy Accumulation (DEA) technique (Turnipseed et al., 2009) 
to correct for small biases in w. 

2.2. VOC collection and analysis 

Two-stage adsorbent cartridges (Markes International Ltd., USA or 
packed in-house) were used to collect VOC samples using the REA 
technique. The first stage was filled with 150 mg Tenax-TA or Tenax-GR 
which has been shown to be satisfactory for the collection of many 
heavier biogenic species including monoterpenes and sesquiterpenes 
(Helmig and Vierling, 1995; Arnts, 2010). The second stage was 150 mg 
Carbograph5 which is a stronger adsorbent used to trap lighter hydro-
carbon species such as isoprene (Dettmer et al., 2000). Laboratory tests 
showed no breakthrough of isoprene or major terpenes (α-pinene, 
camphene) with the sample volumes collected for flux calculations (i.e., 
the up and down reservoirs) with REA. 

VOCs were analyzed by thermal desorption (TD) followed by gas 
chromatographic (GC, Agilent 7890A) separation and detection by both 
flame ionization (FID) and mass selective (MSD, Agilent 5975C) de-
tectors. Thermal desorption was accomplished via a 2-stage process, 
where the adsorbent cartridge was initially desorbed at 275◦C while 
purging with a flow of UHP Helium using a commercial TD-autosampler 
(Markes International Ltd., Series 2 Ultra). The sample was then trans-
ferred via a heated line to a focusing trap that was packed with Tenax-TA 
and cooled to 0◦C via a Peltier cooler (Markes International Ltd., Unity 
1). Once the entire sample was transferred to this intermediate trap, it is 
rapidly heated to 300◦C and injected onto the GC. The GC is cryofocused 
at −30◦C and then the temperature programmed up to 275◦C. Separa-
tion takes place on a capillary GC column (Restek Rxi-5Sil MS, 0.25 mm 
i.d., 250 μm film, 30 m) before the sample is split between the two de-
tectors (FID and MSD). 

The system was calibrated daily by filling adsorbent cartridges with a 
secondary standard consisting of isoprene and camphene. This isoprene/ 
camphene standard was calibrated relative to a NIST-certified butane/ 
benzene gas standard as well as a NIST-certified neohexane gas stan-
dard. When possible, the FID was used to quantitate analytes. Since the 
detector response is based on the number of carbon atoms within a 

molecule, it allows quantification of a wide range of carbon-containing 
compounds from the use of a single standard compound. 

However, at the low sample masses often encountered in the ambient 
REA samples, quantitation with the FID becomes problematic due to 
interfering and overlapping peaks. Therefore, it was often necessary to 
use selective ion monitoring (SIMs) with the MSD to obtain quantitative 
information. For most of the BVOCs, this was accomplished by loading 
cartridges with samples from uncalibrated gas standards created from 
the pure liquids in the lab or by just using a syringe to sample headspace 
from the pure liquids. Analysis of these samples relative to the isoprene/ 
camphene standard allowed us to compute response factors relative to 
either the mass 68 ion of isoprene or the mass 93 ion of camphene. 

2.3. Measurement sites and experimental setup 

To demonstrate the utility of this REA sampling system for field 
deployment and taking samples at multiple locations, nine sites were 
used for testing and the measurements have subsequently been analyzed 
and described. Table 1 provides a brief description of the sites from 
which data are presented, including type of vegetation, LAI, etc. The 
REA was installed ~ 6–10 m above the canopy at all sites. Typically, the 
sonic anemometer was installed on a ~ 1 m boom facing into the pre-
vailing winds. The segregator was mounted on the same boom (in some 
deployments, a second parallel boom was used) with the inlets facing 
towards the base of the anemometer. The boom was constructed of 
aluminum strut (L30, Bosch-Rexroth) and a Teflon slide was attached to 
the outside of the segregator box such that the segregator could slide 
along the boom. Therefore, the segregator could be pulled close to the 
tower to facilitate removing/attaching cartridges and then slid into close 
proximity to the anemometer for sampling without affecting the sonic 
anemometer orientation. The cartridge inlets were typically separated 
by ~ 35–50 cm from the anemometer measurement path. Although it is 
desirable to minimize this separation, the size of the segregator (26 cm 
length, 16 cm width, 10 cm height)) could negatively impact wind flows 
around the anemometer head if placed in close proximity. For tall can-
opies, such as the ones studied here, corrections for sensor separation are 
generally rather small (< 8% reduction in flux, Moore, 1986) and were 
neglected. 

The REA was compared to eddy covariance (EC) measurements in 
three different experiments. Two of these were conducted at the 
Manitou Forest Observatory (2009 and 2011) and the third at the 

Table 1 
Description of the REA measurement sites.  

Measurement Site Latitude/ 
Longitude 

Ecosystem Dominant Species LAIa Referencesb 

Manitou Forest Observatory, 
Colorado 

39.1006◦ N, 
105.0942◦ W 

Pine Woodland Pinus ponderosa 1.5 Kim et al. (2013) 

Niwot Ridge, AmeriFlux, 
Colorado 

40.0329◦ N, 
105.5464◦ W 

Subalpine Forest Pinus contorta, Abies lasiocarpa, Pieca engelmannii 4.2 Monson et al. 
(2010) 

Deer Canyon Preserve, New 
Mexico 

34.4385◦ N, 
106.2377◦ W 

Pinyon-Juniper 
Forest 

Pinus edulis, Juniperus monosperma, Bouteloua gracilis 1.5 Krofcheck et al. 
(2014) 

Taihuyuan, Zhejiang province, 
China 

30.3000ο N, 
119.5666 ο E 

Subtropical Lei 
Bamboo Forest 

Phyllostachys violascens 5.0 Bai et al. (2016) 

Qianyanzhou, Jiangxi province, 
China 

26.7466 ο N, 
115.6672 ο E 

Subtropical Pine 
Forest 

Pinus massoniana, Pinus elliottii, Cunninghamia lanceolate 6.8 Bai et al. (2017) 

MOFlux (Baskett Wildfire 
Refuge), Missouri 

38.7441◦ N, 
92.2000◦ W 

Deciduous Oak 
Forest 

Quercus alba L., Q. velutina Lam, Carya ovata, Acer saccharum Marsh., 
Juniperus virginiana L. 

3.7 Gu et al. (2016) 

PROPHET Station, Michigan 45.5667◦ N, 
84.7833◦ W 

Mixed Deciduous 
Forest 

Populus grandidentata, Populus tremuloides, Quercus rubra, Fagus 
grandifolia, Acer rubrum, Pinus strobus 

3.7 Carroll et al. 
(2001) 

Changbai Mountain Forest 
Research Station, China 

42.4000◦ N, 
128.1000◦ E 

Mixed Deciduous 
Forest 

Pinus koraiensis, Tilia amurensis, Tilia mandshurica, Quercus 
mongolica, Fraxinus mandshurica, Acer mono, Acer mandshurica 

5.5 Bai et al. (2015) 

Guyaflux site (GF-Guy), French 
Guiana 

5.2787◦ N, 
52.92486◦ W 

Tropical Rainforest Caesalpiniaceae facies 7.0c Bonal et al. 
(2008)  

a LAI = Leaf area index (m2 leaf area/m2 ground area). 
b References with a more detailed site description. 
c Plant area index (PAI) is reported here instead of LAI. 
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MOFlux experimental tower (refer to Table 1 for site details). The 
MOFlux site was chosen due to the high density of oaks which produce 
large emissions of isoprene (Potosnak et al., 2014). EC measurements of 
isoprene were made at ~ 8–12 m above the top of the canopy, 
approximately 2 m above the REA setup. A Teflon inlet line was posi-
tioned at the base of a sonic anemometer (Campbell Scientific, CSAT-3) 
and pumped at 10 LPM to the base of the tower where a Fast Isoprene 
Sensor (FIS, Hills Scientific) was located. FIS measures isoprene through 
the chemiluminescence produced by the reaction of isoprene with high 
concentrations of ozone. Its applicability to ecosystem flux measure-
ments has been described previously by Guenther and Hills (1998) and is 
well-suited for isoprene flux measurements at this site due to the high 
emission fluxes and concentrations of isoprene and coincident low 
concentrations of known interfering compounds. At the Manitou Forest 
Observatory, flux measurements of the major BVOCs were performed 
with a Proton-transfer-reaction mass spectrometer (PTR-MS) using vir-
tual disjunct eddy covariance (Karl et al., 2002). Air was aspirated 
through a Teflon inlet line from the base of the sonic anemometer (at z 
= 25.1 m, Campbell Scientific, CSAT-3) to a trailer at the base of the 
tower at a flow rate of 35 LPM. This flow was subsampled into the 
PTR-MS (F ~ 200 sccm) through a short Teflon line. The primary BVOC 
emissions from this site are 2,3,2-methylbutenol (MBO) and a combi-
nation of several monoterpenes (Kaser et al., 2013a, 2013b). As there 
were analytical limitations on both PTR-MS (Kaser et al., 2013b) and the 
adsorption cartridges (Baker et al., 2001) with sampling of MBO, this 
intercomparison only focused on the monoterpene compounds (C10H16). 
The sum of monoterpenes was measured at both the parent ion (m/z =
137) and the major ion fragment (m/z = 81) in the PTR-MS (Sarkar 
et al., 2016). The REA sampler and anemometer were also placed at 
25.1 m but directed perpendicular to the CSAT-3 anemometer to the 
south (the predominant wind direction). 

3. Results and discussion

3.1. Anemometer comparisons 

A common concern in the application of the REA technique is the 
potential biases in the mean vertical wind velocity (w). Due to either 
sloping or complex topography and canopies or from sensor misalign-
ment, it is typically found that 3-dimensional rotation of the wind ve-
locities is necessary to align the vertical wind velocity perpendicular to 
the mean horizontal flow (e.g. w ~ 0). This is typically done in post- 
processing of eddy covariance fluxes. However, for REA sampling, de-
cisions must be made in real-time. As mentioned above, it is possible to 
implement coordinate rotation into our REA based on long-term mean 
streamlines (methods such as the planar fit, (Wilczak et al., 2001), but 
for typical shorter deployments, it is necessary to forego this rotation 
and merely use the coordinate frame of the anemometer with some 
correction for consistent offsets in the mean vertical wind velocity. 
Therefore, it is necessary to determine how much error this introduces 
into the derived REA fluxes. 

Fig. 2 shows the comparisons of the kinematic heat flux (w’T’) and σw 
calculated from the REA relative to an independent sonic anemometer 
(Campbell Scientific, CSAT-3) at the Manitou Experimental Forest site. 
Quantities from the independent anemometer were rotated using the 
planar fit method (Wilczak et al., 2001) prior to computing turbulent 
parameters, whereas values from the REA are essentially unrotated. As 
seen in the figure, the slopes for these two comparisons are close to unity 
(0.95 for σw and 1.06 for w’T’), suggesting only a small bias caused by 
the lack of coordinate rotation. The small error is further demonstrated 
by the comparisons of the b-coefficients derived from the two ane-
mometers. The CSAT-3 b-coefficients (and σw, w) were derived from 
rotated time series, whereas REA b-coefficients were derived from 
conditionally sampling the unrotated vertical wind velocities and using 
σw and w from the previous flux period (as described above). Fig. 2c 

Fig. 2. Comparison of (a) heat flux, (b) σw and (c) Δb-coefficient difference between the REA system (RM Young anemometer, unrotated values) and an independent 
sonic anemometer (with coordinate rotation) for data obtained from the Manitou Forest Observatory during May–July 2009. Lines drawn in (a) and (b) are the best 
linear regression fit while the line drawn in (c) is the best fit to a Gaussian distribution. 
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shows the frequency distribution of the difference between these two 
derived b-coefficients. As can be seen in the figure, the distribution is 
centered close to zero (−0.011) with a 1σ width of 0.035 (with 599 flux 
periods). From these comparisons, we conservatively estimate < 10% 
uncertainty at this site, associated with the raw unrotated vertical winds. 
The magnitude of this uncertainty likely depends upon the anemometer 
orientation relative to the underlying local topography and will be 
slightly different from site to site. 

Apart from the turbulence variables, it is critical to verify that there 
is no cross-sampling between the up and down reservoirs and to obtain 
the correct sample volume that is collected on each cartridge. In fact, 
due to the concentration difference that must be computed in Eqn. (1), 
precision of the concentration is often the main source of uncertainty in 
a REA flux measurement. Therefore, this aspect of our REA sampler is 
critical to fully understand. Arnts et al. (2013) have discussed many of 
the sampling criteria necessary for REA systems such as valve speed, 
constant flow rate and accurate sample volume measurements. 

We chose to use separate inlets for the up and down reservoirs such 
that, if the timing of the valves is correct, only “up” or “down” air enters 
the correct inlet, thus avoiding cross-sampling. This is essentially a 
“Type I” sampling system as designated by Arnts et al. (2013). This type 
of system does have an inherent timing offset as the wind velocity data 
that is received from the anemometer is collected during one sampling 
period and then used to set the valve status in the next. However, this lag 
of a single sample has been shown to be relatively unimportant over 
most canopies (Arnts et al., 2013) and is primarily an issue only for short 
vegetation and smooth landscapes. Sub-sampling from a single main 
inlet line can eliminate this lag, as described by Arnts et al. (2013). 
However, the lag time in the main inlet must be known very accurately 
and, although mass flow can be constantly maintained, the volumetric 
flow (and thus, the lag time) can change with environmental tempera-
ture and pressure without proper control. Since the goal of our system 
was to use very little power, we compromised by having separate up and 
down inlets and a constant 1-sample offset between wind data and valve 
control. 

This type of REA sampling also results in some degree of pressure 
transients as the flow is stopped and started through the different sam-
pling inlets. This was minimized by having a relatively small volume but 
with a significant flow conductance. The volume upstream of the 
segregating valves was essentially the volume of the adsorption car-
tridge (~ 2.5 cm3). The cartridge was also the major flow impedance. By 
monitoring the signal from the mass flow controller at 10 Hz, we 
observed flow transients were typically < 1% of the mean flow signal 
when commercially packed adsorption cartridges were used during 
typical REA sampling (e.g. valves were switching relative to changing 
vertical wind velocities). When cartridges packed within our lab were 
used, the magnitude of these transients increased to 2–3% of the mean 
flow rate, showing the non-uniformity of in-house packed cartridges. 
Therefore, we primarily used commercially packed cartridges for REA 
measurements to minimize flow transients to reduce the associated er-
rors in the calculated sample volumes. 

However, since the mass flowmeter response is only about 0.3 s, very 
fast transients could be occurring which could affect the actual volume 
aspirated through the adsorption cartridge which would not be detected. 
Therefore, we also tested our sampler by introducing a VOC standard 
(isoprene and camphene) across all inlets. Valve control was either via 
the sonic anemometer (positioned on a mast on the roof of a building) or 
by alternating between the up and down cartridge every 10 s (used as a 
control). Samples were analyzed on the thermal desorption GC/FID 
system and the peak areas for isoprene and camphene were compared 
between the up and down cartridges. Volumes calculated from the mass 
flowmeter (Vflow) were then compared to those computed from the 
observed peak areas and known mixing ratios in our gas mixture (Vstd). 
Fig. 3a shows a plot of Vflow/Vstd versus the valve switching frequency, 
known as the eddy reversal frequency (Baker et al., 1992). The valve 
switching frequency is typically between 0.5 and 3 Hz and is related to 

the degree of atmospheric turbulence. As can be seen in the figure, 
Vflow/Vstd typically averages around unity with a standard deviation 
(from six measurements) between ±8–15%. This 8–15% variability is 
also observed when the up and down valves are alternatively switched at 
a set frequency of 0.1 Hz (also shown in Fig. 3). Thus, this appears to be 
the uncertainty involved in the analysis of the adsorption cartridges as 
opposed to the errors in the volume calculations using the mass flow 
controller. 

This 8–15% variability is also evident when plotting the percent 
difference (ΔC/Cavg) as a function of the valve switching frequency 
(Fig. 3b). This allows us to estimate the concentration differences that 
this sampling system is able to measure and, thus, estimate the detection 
limit of fluxes and associated errors for this REA system. Assuming a 
minimum of ΔC/Cavg of > 0.30 is required and a typical b-coefficient of 
0.4 (with deadband sampling) and σw ranging from 0.2 to 1.4 m/s, Eqn. 
(1) predicts emission velocities (F/Cavg) > 2.4–17 cm/s are measurable 
with this REA system. Emission velocities of typical biogenics, such as 
isoprene and monoterpenes observed as the dominant BVOC at the sites 
compiled in Table 2, tend to range from 10 to 40 cm/s, thus, this system 
is capable of measuring fluxes of the major emitting compounds from 
these ecosystems at most times. However, compounds with relatively 
lower emission rates or VOCs that deposit to the ecosystem (which 
typically have velocities < 5 cm/s) will not be measurable with the 
measurement precision of the TD-GC-FID/MSD used here. The error on a 
single REA flux measurement will also include contributions from sta-
tistical sampling error, which is often about 10–15% for typical 30-min 
flux periods in a convective surface layer (Lenschow, 1995). 

Finally, the REA was compared to eddy covariance (EC) 

Fig. 3. Plots of a) Vflow/Vstd vs valve switching frequency and b) ΔC/Cavg vs 
valve switching frequency. Each point represents the average of 3 flux runs of 
10 min. For volumes, this represents a total of 6 measurements, whereas for 
ΔC/Cavg this represents only 3 measurements. The error bars represent 1σ of 
the data. 
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measurements of VOCs for two short periods at two different sites. One 
inter-comparison was carried out at the MOFlux tower site in central 
Missouri and focused solely on isoprene. EC measurements were con-
ducted using a Fast Isoprene Sensor (FIS, Hills Scientific) which has been 
shown to be adequate for EC measurements over forests with strong 
isoprene fluxes (Guenther and Hills, 1998). The FIS at the MOFlux site 
was part of a long-term seasonal study which indicated very strong 
isoprene fluxes at this site due to high density of oaks. Fig. 4 shows a 
comparison of the REA isoprene fluxes with those derived from the FIS. 
In general, the REA fluxes show a higher degree of scatter due to the 
measurement variability discussed above. There was a 1.8 mg m−2 h−1 

bias in the REA fluxes as compared to the EC measurements (the inter-
cept in Fig. 4); the source of this bias is unknown. However, the REA 
samples were within about 20% of the EC values for the typical fluxes (~ 
10 mg m−2 h−1) at this site. The inter-comparison with the PTR-MS 
technique at the Manitou Experimental Forest is discussed in the 
context of a longer-term study described in Section 3.3. 

3.2. Landscape average isoprene and monoterpene fluxes from nine forest 
ecosystems 

Table 2 includes the major BVOCs observed at nine forest ecosystems 
(coniferous, mixed deciduous and tropical rainforest) and the average 
measured emission fluxes. 2,3,2–methylbutenol (2,3,2-MBO) dominated 

the measured BVOC fluxes (average flux ~ 3.48 mg m−2 h−1) at the 
Manitou Forest Observatory, Colorado that is primarily a pine woodland 
ecosystem dominated by Pinus ponderosa (Kim et al., 2013). In addition 
to 2,3,2-MBO, significant α-pinene, β-pinene, Δ3-carene and d-Limonene 
emissions were also observed at this site. Dominance of 2,3,2-MBO and 
monoterpene emissions at the Manitou Forest Observatory site was 
previously reported by Ortega et al. (2014). A detailed discussion on the 
BVOC flux measurements using REA at this site is presented in section 
3.3. At the Niwot Ridge site in Colorado, which is a subalpine coniferous 
forest, 2,3,2-MBO fluxes were the highest (average ~ 0.73 mg m−2 h−1) 
among all the major species measured including α-pinene, β-pinene, 
camphene and d-Limonene. 2,3,2-MBO fluxes were previously reported 
from the Niwot Ridge site by Karl et al. (2002) using the PTR-MS virtual 
disjunct eddy covariance (DEC) method. Those previous midday average 
values ranged from ~ 1.0 to 1.5 mg m−2 h−1, in reasonable agreement 
with the values reported here. Emissions of α-pinene and camphene 
(average fluxes ~ 0.32 mg m−2 h−1 and ~ 0.02 mg m−2 h−1) were 
observed from the pinyon-juniper forest at the Deer Canyon Preserve in 
New Mexico. α-pinene fluxes measured at this site were higher than any 
of the other sites reported in this study. Seasonal variations of BVOC 
fluxes at two forest ecosystems in China, namely the subtropical Lei 
bamboo plantation site at Taihuyuan and the subtropical pine forest site 
at Qianyanzhou, were measured using the REA system and the obser-
vations have previously been described in more detail (Bai et al., 2016, 
2017). BVOC emissions at the Taihuyuan site were dominated by 
isoprene (~ 0.95 mg m−2 h−1) while the Qianyanzhou site was domi-
nated by α-pinene emissions (~ 0.31 mg m−2 h−1), due to the high 
abundance of the Pinus species at this site, along with significant 
isoprene emission (~ 0.15 mg m−2 h−1) from other vegetation. 

Isoprene dominated the measured BVOC fluxes at the MOFlux site in 
Missouri with an average flux of ~ 9.5 mg m−2 h−1. MOFlux site is a 
mixed deciduous forest dominated by Quercus alba L., Q. velutina Lam, 
Carya ovata, Acer saccharum Marsh., Juniperus virginiana L. (Gu et al., 
2016). Isoprene fluxes measured using REA at the MOFlux site were at 
least ~ 6 times higher than the isoprene fluxes measured from all the 
other sites reported in this study. Apart from isoprene, some α-pinene 
was also emitted at this site. Previous field measurements at the MOFlux 

Table 2 
Average fluxes measured with the portable REA at the nine sites described in 
Table 1.  

Measurement 
Site 

Major 
compounds 
emitted 

Average 
Fluxa (mg 
m−2 h−1) 

Average 
Temperature 
(◦C) 

Reference 

Manitou Forest 
Observatory, 
Colorado 

2,3,2- 
methylbutenol 
α-pinene 
β-pinene 
Δ3-carene d- 
Limonene 

3.48 (74) 
0.23 
0.22 
0.20 
0.05 

20.6 This study 

Niwot Ridge, 
AmeriFlux, 
Colorado 

2,3,2- 
methylbutenol 
α-pinene 
camphene 
β-pinene d- 
Limonene 

0.73 (55) 
0.12 
0.08 
0.14 
0.17 

11.5 This study 

Deer Canyon 
Preserve, New 
Mexico 

α-pinene 
Camphene 

0.32 (28) 
0.02 

23.1 This study 

Taihuyuan, 
Zhejiang 
province, 
China 

Isoprene 
α-pinene 

0.95 (115) 
0.01 

16.0 Bai et al. 
(2016) 

Qianyanzhou, 
Jiangxi 
province, 
China 

Isoprene 
α-pinene 
Camphene 
β-pinene d- 
Limonene 

0.15 (451) 
0.31 
0.05 
0.09 
0.08 

17.9 Bai et al. 
(2017) 

MOFlux (Baskett 
Wildfire 
Refuge), 
Missouri 

Isoprene 
α-pinene 

9.56 (27) 
0.03 

22.5 This study 

PROPHET 
Station, 
Michigan 

Isoprene 
α-pinene 
β-pinene d- 
Limonene 

1.63 (39) 
0.09 
0.04 
0.07 

20.6 This study 

Changbai 
Mountain 
Forest 
Research 
Station, China 

Isoprene 
α-pinene 
β-pinene d- 
Limonene 

0.80 (87) 
0.06 
0.01 
0.04 

21.4 Bai et al. 
(2015) 

Guyaflux site 
(GF-Guy), 
French Guiana 

Isoprene 
α-pinene 

1.6 (136) 
0.16 

27.7 This study  

a Total number of flux measurements given in parenthesis. 

Fig. 4. Comparison between the REA-derived fluxes for isoprene and those 
from the eddy covariance measurements with the FIS. Points are the average of 
three consecutive flux measurements and error bars give the 1σ variability for 
each technique. The dashed line represents the 1:1 line. Data is from the 
MOFlux site from 31 August – 2 September 2011. 
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site also reported similar levels of isoprene emissions (Potosnak et al., 
2014; Seco et al., 2015). The mixed deciduous forest sites at the 
PROPHET Station in Michigan and the Changbai Mountain Forest 
Research Station in China emitted isoprene, α-pinene, β-pinene and 
D-Limonene. The BVOC fluxes measured at the PROPHET site were 
higher than that of the Changbai site, primarily due to the high isoprene 
at the PROPHET site. For example, the average isoprene flux at 
PROPHET (~ 1.6 mg m−2 h−1) was twice the average isoprene flux at 
Changbai (~ 0.8 mg m−2 h−1). Other studies have reported higher 
isoprene fluxes at the PROPHET site (Westberg et al., 2001; Apel et al., 
2002) compared to our study. The seasonal and interannual variations of 
BVOCs measured using REA at the Changbai site was previously re-
ported by Bai et al. (2015). Isoprene and α-pinene emissions (average 
fluxes ~ 1.6 mg m−2 h−1 and ~ 0.16 mg m−2 h−1, respectively) were the 
primary fluxes observed at the tropical rainforest site in French Guiana 
(Guyaflux site; GF-Guy). The diurnal, seasonal and interannual varia-
tions of isoprene and α-pinene fluxes at this site are discussed later in 
section 3.4. For all nine BVOC flux measurement sites reported in this 
study, α-pinene was always observed to be one of the highest contrib-
utors to monoterpenes even across this wide range of different forest 
ecosystems. 

Table 3 shows calculated emission factors (EFs) for isoprene and total 
monoterpenes for all the nine measurement sites. For the three sites in 
China, standard conditions (LAI = 5 m2 m−2, temperature = 30οC and 
PAR = 1500 μmol m−2 s−1) were chosen, while EFs for the other six sites 
were adjusted only for measured temperature and LAI in MEGAN2.1 
model, due to the unavailability of PAR data. 

3.3. Diurnal and seasonal variations of monoterpenes fluxes from two 
temperate needleleaf forests 

Monoterpene (MT) fluxes were measured at the Manitou Forest 
Observatory during the spring of 2009 and the summer of 2011. Fig. 5 
shows the timeseries from 2009 to 2011, showing the total MT flux 
derived from PTR-MS along with speciated fluxes of the monoterpenes 
calculated from REA. As can be seen from the figure, the sum of the REA 
MT fluxes agrees quite well (within ±10%) with those derived from 
PTR-MS. As a test, we also looked at CFC113 (trifluoromethane) at m/z 
= 151 desorbed from the cartridges. As there should be no flux for this 
species (there are no known biogenic sources or sinks), the peak area 
normalized by the volume (Sn) should be the same in both up and down 
sample. From the 15 flux measurements made, (Snup − Sndown )/ Snavg was 
0.02 ± 0.12, consistent with a zero flux and the limits of measurable 
emission velocities estimated in the previous section. 

Although this REA system was not designed for continuous mea-
surements, it is possible to conduct weekly flux measurements to provide 
a snapshot of how fluxes can vary on a seasonal time scale. This was 

undertaken at the Niwot Ridge flux tower in 2007. Fig. 6a shows a time 
series of weekly flux measurements (typically 2–3 consecutive flux pe-
riods during midday) of α-pinene from the Niwot Ridge subalpine forest. 
Fluxes remained quite low until mid-June, when fluxes were suddenly 
enhanced for a period of about 2–3 weeks. This period coincided with 
new needle growth. The fluxes then lessened and were more variable 
over the remainder of the summer and into fall. The exception to this 
occurred on July 25 when two flux measurements were made following 
a severe hailstorm. Concentrations of all monoterpenes increased 
dramatically (partially due to a moderately stable boundary layer after 
the storm) and the fluxes were observed to be similar to the earlier peak 
during new growth. We assume that physical damage due to the hail-
storm released monoterpenes from storage pools in the needles and 
branches which allowed for the increase in fluxes. Similar observations 
after a hailstorm were reported by Kaser et al. (2013a) from the Manitou 
Forest site. The Kaser et al. (2013a) study showed that these 
damage-related flux increases can be quite large and that these tempo-
rary enhancements in emissions could be nearly half of the annual sum. 

Fig. 6b shows these same flux measurements plotted vs. ambient 
temperature. This plot also includes data taken two years later during 
the late summer-fall (mid-August until October 2009). Data from both 
years are in good agreement and the fluxes generally tend to follow a 
simple exponential temperature curve. This is in reasonable agreement 
with the MEGAN2.1 model (Guenther et al., 2006) estimates for this 
ecosystem type. However, the period of new needle growth exhibits 
much higher fluxes than modeled by temperature alone, suggesting that 
other emission controls are important during this time period. 

3.4. Diurnal, seasonal and interannual variations of isoprene and 
α-pinene fluxes from a tropical forest 

A second application of the REA system for relatively long-term 
studies was undertaken for a three-year period at a tropical forest site 
in French Guiana (Guyaflux site; GF-Guy). Previous short-term BVOC 
flux studies in tropical forest ecosystems show discrepancies between 
wet and dry season fluxes of BVOCs (primarily isoprene) with dry season 
fluxes being substantially larger (Barkley et al., 2009; Alves et al., 2016). 
Periodic REA measurements (using the same measurement system) have 
the potential for observing these longer-term seasonal and interannual 
variations. Midday REA fluxes of isoprene and α-pinene were measured 
between the fall of 2009 (dry season 2009) and the fall of 2011 (dry 
season 2011). Flux measurements were typically performed between the 
hours of 10:00 and 16:00 local time (LT). Fig. 7a shows an example plot 
of the average midday diurnal flux for both isoprene and α-pinene for a 
day during the dry season in 2009 (21 October 2009), both of which 
exhibited the expected midday peak around 13:00 local time, coinciding 
with a peak in the sensible heat flux (also shown in Fig. 7). Several 
previous studies have shown that isoprene flux is typically 
well-correlated with the sensible heat flux due to the light and tem-
perature dependencies of isoprene emission (Rinne et al., 2002; Baker 
et al., 2005). Averaging the fluxes over different seasons (Fig. 7b) shows 
that there was a significant flux enhancement during the initial 2009 dry 
season for both isoprene (~ 4.3 mg m−2 h−1) and α-pinene (~ 0.33 mg 
m−2 h−1). However, following this period, α-pinene fluxes remained 
reasonably constant over the subsequent two-year period. Isoprene 
fluxes were more variable with average dry season fluxes that were 
higher than those in the wet season. However, the average isoprene flux 
during the 2010 wet season was comparable to those obtained during 
subsequent dry seasons. 

Fig. 8 shows the average emission factors (EFs) for isoprene and 
α-pinene during morning (09:00 – 11:00 LT), midday (11:00 – 13:00 LT) 
and afternoon (13:00 – 15:00 LT) for different seasons at the Guyaflux 
site. EFs were estimated as the ratio of the observed emissions to the 
estimated emission activity factors (EAFs) obtained from the MEGAN2.1 
model (Guenther et al., 2012) using measured solar radiation and tem-
perature. Generally, isoprene EFs showed an increasing trend from 

Table 3 
Isoprene and monoterpene emission factors (EFs) for the nine REA measurement 
sites described in Table 1.  

Measurement Sites Emission Factors (mg m−2 

h−1)a 

Isoprene Monoterpenes 
Manitou Forest Observatory, Colorado – 8.23 
Niwot Ridge, AmeriFlux, Colorado – 4.95 
Deer Canyon Preserve, New Mexico – 2.60 
Taihuyuan, Zhejiang province, China 4.30 0.13 
Qianyanzhou, Jiangxi province, China 3.30 0.01 
MOFlux (Baskett Wildfire Refuge), Missouri 29.82 0.06 
PROPHET Station, Michigan 7.11 0.82 
Changbai Mountain Forest Research Station, China 3.30 0.35 
Guyaflux site (GF-Guy), French Guiana 1.91 0.17  
a EFs for the three sites in China were adjusted for standard LAI (5 m2 m−2), 

temperature (30οC) and PAR (1500 μmol m−2 s−1) while EFs for the other six 
sites were adjusted only for temperature and LAI. 

8



morning till afternoon during all seasons while no such trend was 
observed for α-pinene. In addition, isoprene EFs were relatively higher 
during the dry seasons as compared to the wet seasons. A decreasing 
trend can also be observed in isoprene EFs from 2009 to 2011. It is 
difficult to discern any seasonal trend in the EFs of α-pinene. Although 
periodic REA measurements can observe large seasonal trends, 
discerning more fine-scale diurnal variability likely requires a larger 
number of measurements. This demonstrates the need for coupling the 

REA system with an in-situ measurement system, such as an on-line GC, 
similar to that described by Schade and Goldstein (2001) for oxygenated 
VOC and by Rhew et al. (2017) for alkenes, could provide the necessary 
sampling rate to observe the shorter temporal trends. 

4. Conclusions

BVOC fluxes were measured in nine forest ecosystems using a relaxed

Fig. 5. Monoterpenes (MT) flux vs. time at the Manitou Forest Observatory in 2009. Points/lines are from disjunct eddy covariance measurements (10-min flux 
average) of total MT flux using PTR-MS. Colored bars are noted in the legend and are speciated MT fluxes (30-min flux average) of the compounds denoted in 
the legend. 

Fig. 6. a) Seasonal dependence of the α-pinene flux at the Niwot Ridge AmeriFlux site in 2007. At least two consecutive flux measurements were made weekly at 
approximately midday. The two points circled were taken within 2 h following a hailstorm (see text). b) a plot of the measured REA α-pinene fluxes at Niwot Ridge vs 
ambient temperature. The line drawn is the flux predicted by the MEGAN model for Niwot Ridge with a LAI of 4.2 m2/m2. The points circled are those during the 
growth of new needles (9 June 2007–13 July 2007). Fluxes measured following the hailstorm on 25 July are omitted. 

Fig. 7. a) Average midday diurnal cycle of sensible heat flux, isoprene and α-pinene flux during 21 October 2009 (dry season). b) Seasonal midday average fluxes of 
isoprene and α-pinene. Data are from the Guyaflux site in French Guiana situated in a tropical forest. 
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eddy accumulation (REA) based sampling system. The advantages of this 
REA system are its low-cost, portability and simple operational pro-
cedure which allows easy deployment at remote locations in contrast to 
high sensitivity chemical ionization mass spectrometry instruments that 
are expensive, require more power and are not easily transported. A 
detailed description of the sampling setup, operational procedure and 
validation with eddy covariance direct BVOC flux measurements is 
provided in this manuscript. The minimum emission velocities (F/Cavg) 
that our REA system is capable of measuring were > 2.4–17 cm/s which 
allows us to measure major BVOC fluxes such as isoprene and dominant 
monoterpenes for which emission velocities are typically at least 10–40 
cm/s. Therefore, this REA setup was capable of investigating fluxes of 
major BVOCs emitted from the nine ecosystems reported in this study. 
However, the current measurement precision of this REA does not allow 
us to measure VOCs that are deposited to the ecosystem since typical 
deposition velocities are < 5 cm/s. Monoterpene fluxes measured by this 
REA system agreed quite well (within ±10%) with fluxes measured 
directly using PTR-MS eddy covariance measurements at the Manitou 
Forest site in Ponderosa pine woodland. An inter-comparison study of 
the REA system with eddy covariance measurements of isoprene using a 
Fast Isoprene Sensor (FIS) at the MOFlux tower site in a mixed broadleaf 
forest in central Missouri agreed reasonably well for moderate to high 
fluxes (within 20% but with a consistent bias as compared to the EC 
measurements) and with a higher degree of scatter for REA fluxes due to 
the measurement variability associated with the REA measurements. 

BVOC measurements using the REA system were carried out between 
06:00 – 18:30 (Local Time) at a flux averaging period of 30 mins to 
characterize midday fluxes at nine forested sites. These measurements 
confirmed the dominance of 2,3,2-methylbutenol (2,3,2-MBO) at both 
the Manitou Forest Observatory, dominated by MBO-emitting Pinus 
ponderosa (Ponderosa pine) trees, and the Niwot Ridge site, dominated 
by MBO-emitting Pinus contorta (lodgepole pine) along with spruce and 
fir trees. In addition to 2,3,2-MBO, α-pinene, Δ3-carene, β-pinene and d- 
Limonene emissions were also observed at the Manitou Forest Obser-
vatory. The MOFlux site in Missouri showed isoprene dominance 
(average flux of ~ 9.5 mg m−2 h−1) while the Deer Canyon site was 
dominated by α-pinene emissions (average flux ~ 0.73 mg m−2 h−1). 
The PROPHET Station in Michigan and Changbai Mountain Forest 
Research Station in China, both of which are dominated by mixed de-
ciduous forests, emitted significant isoprene along with some α-pinene, 
β-pinene and d-Limonene. Isoprene (~ 0.95 mg m−2 h−1) dominated the 
subtropical lei bamboo plantation site at Taihuyuan in China while the 
subtropical Pinus forest at Qianyanzhou in China was dominated by 
α-pinene (~ 0.31 mg m−2 h−1) along with significant isoprene (~ 0.15 
mg m−2 h−1). α-pinene was a dominant monoterpene at all nine forests 
reported in this study, irrespective of the type of the forest ecosystem. 

BVOC measurements across different seasons during 2009–2011 

showed isoprene emissions dominated at the Guyaflux site (GF-Guy) in 
French Guiana during all seasons. However, the off-line analysis of the 
REA system described here makes it difficult to obtain the large number 
of measurements required to investigate the processes controlling sea-
sonal variability. The off-line system described here is suitable for 
investigating ecosystem average BVOC fluxes and short-term emission 
variations in the dominant BVOC fluxes from most forests, but the REA 
system should be coupled with an on-line GC analysis system for longer 
term measurements. 
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