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Abstract The hydroxyl radical (OH) is the most important oxidant in the atmosphere and the primary sink
for isoprene, the dominant volatile organic compound emitted by vegetation. Recent research on the
atmospheric oxidation capacity in isoprene-dominated environments has suggested missing radical sources
leading to signiﬁcant overestimation of the lifetime of isoprene. Here we report, for the ﬁrst time, a
comprehensive experimental budget of isoprene in the planetary boundary layer based on airborne ﬂux
measurements along with in situ OH observations in the Southeast and Central U.S. Our ﬁndings show that
surface heterogeneity of isoprene emissions lead to a physical separation of isoprene and OH resulting in an
effective slowdown in the chemistry. Depending on surface heterogeneity, the intensity of segregation (Is)
could locally slow down isoprene chemistry up to 30%. The effect of segregated reactants in the planetary
boundary layer on average has an inﬂuence on modeled OH radicals that is comparable to that of recently
proposed radical recycling mechanisms.

1. Introduction
Forests emit a vast range of nonmethane volatile organic compounds (NMVOC) that are linked to carbon
metabolism and different critical functions such as plant signaling and protection from pathogens [Loreto
et al., 2014]. It is now estimated that NMVOC emitted from forests account for about 70–90% of the global
budget (1300 TgC/yr) [Goldstein and Galbally, 2007]. Isoprene production dominates biogenic NMVOC emissions, totaling about 550 TgC/yr [Guenther et al., 2006], an emission rate, which is comparable to the global
emission ﬂux of methane into the atmosphere.
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Oxidation and subsequent removal of these reduced carbon species via dry and wet deposition are among
the most important processes that prevent their accumulation. In the lower atmosphere, the atmosphere’s
cleansing efﬁciency is initiated by the OH radical formed by the photolysis of ozone followed by reaction
of excited oxygen atoms with water vapor. This leads to the formation of oxygenated NMVOCs, which can
be deposited to the surface [Karl et al., 2010] or incorporated into particulate matter forming secondary
organic aerosol [Jimenez et al., 2009]. The oxidation of NMVOC creates a large pool of RO2 and HO2 radicals,
which, in the presence of sufﬁcient NO, can regenerate OH and form NO2, and will consequently inﬂuence
tropospheric ozone production [Thornton et al., 2002]. Under conditions of low NO and high isoprene concentrations, the recycling of OH has been thought to become small so that the self-cleaning efﬁciency is
greatly reduced in standard tropospheric chemistry schemes [Lelieveld et al., 2008]. It has historically been
a great challenge for Earth system models to simulate photochemistry when high isoprene emission ﬂuxes
occur in low NOx environments (for example in tropical forests), typically leading to an overprediction of isoprene concentrations in the planetary boundary layer [Karl et al., 2007]. Recent research on the atmospheric
oxidation capacity in isoprene-dominated environments has suggested missing radical sources leading to
signiﬁcant overestimation of the lifetime of isoprene [Carslaw et al., 2001; Tan et al., 2001; Thornton et al., 2002;
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Lelieveld et al., 2008; Ren et al., 2008; Hofzumahaus et al., 2009; Pugh et al., 2010; Stone et al., 2011; Whalley
et al., 2011], with important ramiﬁcations for air quality and climate models [Mao et al., 2012; Fiore et al.,
2011; Knote et al., 2014].
In situ OH observations in pristine and polluted environments [Lelieveld et al., 2008; Ren et al., 2008;
Hofzumahaus et al., 2009] have indicated that traditional tropospheric chemical mechanisms likely miss a
large portion of the recycling efﬁciency through unknown [Lelieveld et al., 2008] or poorly quantiﬁed isoprene
peroxy-radical reactions [Hasson et al., 2004]. Subsequent work on isoprene oxidation schemes has identiﬁed
various possibilities (see supporting information for more detail), with the isomerization of hydroxyl-peroxy
radicals [Peeters and Müller, 2010] currently suggested to give the most plausible results [Fuchs et al., 2013].
While it is established that OH is likely recycled more efﬁciently than previously thought, the exact mechanism and particularly the magnitude of this recycling remain a subject of debate [Stone et al., 2011; Fuchs et al.,
2013; Crounse et al., 2011]. Some conceptual modeling studies have pointed out that very high OH recycling
rates could lead to an underestimation of isoprene concentrations in dynamically coupled chemistry models
[Vilà-Guerau de Arellano et al., 2011]. Slowing down the effective reaction rate of isoprene with OH due to
incomplete mixing was proposed to mitigate this paradox [Butler et al., 2008]. Theoretical studies using large
eddy simulation (LES) showed that this slowdown of chemistry is most important when surface emissions are
not uniform [Krol et al., 2000; Ouwersloot et al., 2011].
The Air Quality Modeling Evaluation International Initiative (phase 2) has recently identiﬁed regions with
high isoprene abundance as particularly uncertain, producing the largest variability in predicted ozone
[Knote et al., 2014]. Since the sensitivity of tropospheric ozone production with respect to isoprene largely
depends on an accurate representation of emissions and subsequent chemistry, knowing the atmospheric
fate of isoprene serves as the primary constraint to assess uncertainties in modeling and observational
approaches. The Southeast and Central U.S. have been important locations for studying the inﬂuence of
biogenic volatile organic compounds on atmospheric chemistry for quite some time [Chameides et al.,
1988; Trainer et al., 1987] and have recently received signiﬁcant attention in biosphere-atmosphere
exchange studies. Here we investigate the scale dependent effect of segregation between isoprene and
OH and show that both mesoscale and microscale variability can cause an effective slowdown of isoprene
due to incomplete mixing, which can be comparable to the effect of increased radical cycling [e.g., Fuchs
et al., 2013].

2. Theoretical Considerations
2.1. OH Calculation From the Total Isoprene Budget in the PBL
The budget equation of a trace gas in differential form after Reynolds decomposition is


dhC i d w ′ c′
dhC i
dhC i
þ
þ hv i
¼ hQS i
þ hui
dt
dx
dy
dz

(1)

where the ﬁrst term represents the storage component, the second term is the vertical ﬂux divergence, and
the third plus fourth terms represent horizontal advection. Brackets denote spatial averages along the ﬂight
leg, and primes denote the turbulent ﬂuctuation of a quantity. In the above equation horizontal turbulent
terms and vertical advection are already considered negligible components, an approach that has also been
used for other trace gases [e.g., Faloona et al., 2005]. For example, the mean subsidence rates measured
during Nitrogen, Oxidants, Mercury and Aerosol Distributions, Sources and Sinks (NOMADSS) proﬁling ﬂights
were on the order of 0.09±0.1 m/s, small (<5%) compared to typical vertical wind velocity ﬂuctuations.
Left-hand side terms in equation (1) must balance all sources and sinks of the trace gas inthe control volume.

QS can be determined by the concentration of isoprene (C) divided by the lifetime ðτ Þ hQS i :¼ hCi τ . The
photochemical lifetime of isoprene is calculated according to
τ¼

1
;
k OH ½OH þ k O3 ½O3  þ k NO3 ½NO3 

(2)

where kOH, k O3 , and k NO3 represent effective reaction rate constants for isoprene with respect to OH, ozone,
and NO3. For this study, contributions of ozone and NO3 to the isoprene loss were small, of the order of <10%
for O3 (i.e., τ = 14–20 h) and <1% for NO3 (τ > 160 h). Loss toward O3 was calculated using average observed
O3 concentrations, and NO3 concentrations were assumed < 0.1 pptv as found in steady state calculations.
KASER ET AL.
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The photochemical lifetime of isoprene is therefore inversely proportional to the mean OH density in the PBL.
Using measured values on the left-hand side of equation (1), it is possible to determine a lifetime for isoprene
and subsequently OH densities.
2.2. Intensity of Segregation and Damköhler Number
The equation of the intensity of segregation can be derived from the scalar budget equation following Reynolds
decomposition in a mean (denoted by <>) and ﬂuctuating part (denoted by ′) (e. g., [OH] = [hOHi + OH′]). For a
second-order species, Is can then be derived according to equations (3)–(7)
∂h½C5 H8 i
¼ … k h½OH½C5 H8 i
∂t



∂h½C5 H8 i
¼ …  k hOHi þ OH′ ½hC5 H8 i þ C5 H8 ′
∂t
D
E
∂h½C5 H8 i
¼ …  k h½OHih½C5 H8 i  k ½OH′ ½C5 H8 ′
∂t
D
E1
0
½OH′ ½C5 H8 ′
∂h½C5 H8 i
A
¼ …  k h½OHih½C5 H8 i@1 þ
h½OHih½C5 H8 i
∂t
D
IS ¼

½OH′ ½C 5 H8 ′

(3)
(4)

(5)

(6)

E

h½OHih½C5 H8 i

(7)

The numerator in equation (7) represents the covariance term between OH and isoprene ﬂuctuations denoted
by the primes. The effective reaction rate (keff) of a second-order reaction (e.g., Isoprene + OH  > Products) is
then calculated as keff = k(1 + Is); thus if negative, the intensity of segregation directly translates to a slowdown
of chemistry due to turbulent ﬂuctuations. Positive Is relates to correlated scalars increasing the speed of the
reaction compared to completely well mixed conditions (Is = 0).
The Damköhler number (Da) is a fundamental quantity in chemical engineering that relates the bulk chemical
lifetime (e.g., τ c = (k[OH])1) to a transport time scale, here speciﬁed by the convective velocity scale (w*)
divided by the PBL height (zi), where
Da ¼

zi 1
w τc

(8)

3. Experimental Methods
The Nitrogen, Oxidants, Mercury and Aerosol Distributions, Sources and Sinks (NOMADSS) project on the National
Center for Atmospheric Research’s C130 research aircraft was conducted under the umbrella of the Southeast
Atmosphere Study. Within NOMADSS, the Southern Oxidant and Aerosol Study (SOAS) was one out of three
projects. This paper focuses on results from SOAS. General information such as payload and experimental
design of NOMADSS and SOAS can be found in summaries https://www.eol.ucar.edu/ﬁeld_projects/nomadss.
Nineteen research ﬂights (RFs) were conducted in June/July 2013, some of which focused on isoprene
emission hot spots in the southeast and central U.S. Figure S1(in the supporting information) shows the ﬂight
tracks overlaid on a map of isoprene emissions. To investigate the atmospheric fate of isoprene, we measured
the complete planetary boundary layer (PBL) budget calculating eddy covariance ﬂuxes during stacked
racetracks ﬂown at different heights within and above the PBL at key locations (Figure S1). The PBL height
was obtained at each location by ﬂux divergence proﬁles that were performed along with the horizontal
transect ﬂights [Karl et al., 2013]. The PBL was then deﬁned as the minimum of the sensible heat ﬂux, alternatively as the lower level of the cumulus cloud layer, if present, identiﬁed from dew point temperature proﬁles
and visual inspection of the cloud base layer during the research ﬂight by the mission scientist. The variability
of the PBLs during individual ﬂights was largely caused by meteorological conditions. Particularly, RF04 and
RF05 were subject to a large-scale disturbance causing signiﬁcant cloud layers and rain events preceding the
research ﬂights. In addition, the OH chemical ionization mass spectrometer was not operational during these
two ﬂights, which are therefore excluded from the analysis of segregation.
KASER ET AL.
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Table 1. Racetrack Summary for Research Flights (RF) #13, #17, #05, and #04

Latitude
Longitude
2
Fs measured (mg/m /h)
2
Fs CLM-MEGAN (mg/m /h)
3
OH (ﬂux) (molecules/cm )
3
OH [CIMS] (molecules/cm )
Is
w* (m/s)
Da
WDIR
U (m/s)
zi (m)
ve (cm/s)

RF13

RF17

RF05

RF04

32.79°
87.27°
5.3 ± 1.1
4.5 to 5.4
6
(2.9 ± 0.4) × 10
6
(2.9 ± 0.6) × 10
þ4
13 4 %
1.4 ± 0.1
0.42
49°
2.6 ± 1.1
2200 ± 100
<9.5

37.25°
90.25°
9.9 ± 2.1
4.7 to 5.9
6
(3.6 ± 0.5) × 10
6
(4.3 ± 0.8) × 10
þ 5:5
14 5:5 %
1.1 ± 0.1
0.41
22°
5.9 ± 1.0
1400 ± 100
<5.3

32.80°
87.26°
5.5 ± 1.2
1.9 to 2.8
6
(6.6±0.9) × 10
n/a
n/a
0.9 ± 0.1
0.25
20°
4.7 ± 1.1
950 ± 100
<3.7

32.79°
87.27°
7.9 ± 1.7
2.8 to 3.9
6
(2.8 ± 0.4) × 10
n/a
n/a
0.9 ± 0.1
0.56
301°
4.0 ± 0.9
950 ± 100
<3.1

a

Listed are latitude and longitude of racetracks, isoprene surface ﬂuxes Fs (measured and modeled from CLM-MEGAN),
measured OH densities, intensity of segregation (Is), convective velocity scale (w*), Damköhler number (Da), wind direction
(WDIR), wind speed (U), PBL height (zi), and upper limits on entrainment velocities (ve).

4. Results and Discussion
4.1. OH Comparison
During NOMADSS we are able to compare the PBL budget method [Karl et al., 2013] with in situ OH measurements for the ﬁrst time. After calculating storage, ﬂux divergence, and advection, the left-hand terms of
equation (1), OH concentrations within the PBL from the budget method were found between 2.8 and
6.6 × 106 molecules/cm3 depending on research ﬂight, day, and location (Table 1). Overlapping data for OH
densities inferred from ﬂux measurements and in situ instrumentation were available for research ﬂights
(RFs) 13 and 17 and are within 16% (Table 1), giving us conﬁdence in the budget method.
From the same stacked racetrack ﬂights boundary layer height (zi), convective velocity scale (w*), Damköhler
numbers (Da), and upper limits on entrainment velocity (ve) were calculated according to Karl et al. [2013] and
are listed for the different ﬂights in Table 1. Entrainment velocities calculated from isoprene ﬂux gradients are
sensitive to the estimation of the PBL height; therefore, lower PBL height estimates were used to calculate
upper limits on entrainment velocities.
4.2. Measurements of the Intensity of Segregation
The intensity of segregation is calculated from the highly time resolved measurements of isoprene and OH
according to equation (7). The covariance between OH ﬂuctuations and isoprene ﬂuctuations in the
numerator is calculated using standard procedures for airborne VOC eddy covariance. Brieﬂy, we deploy
conventional fast Fourier transform (FFT) and wavelet analysis to investigate turbulent ﬂuxes [Karl et al.,
2013]. Following general considerations [Torrence and Compo, 1998] and considering bias rectiﬁcation
[Liu et al., 2007], we implemented a wavelet transformation routine using the Morlet wavelet. Two advantages of wavelet transforms include that (1) it does not rely on the ergodic hypothesis and therefore does
not require stationarity, and (2) it allows investigating time resolved spectral contributions to the measured
ﬂux. Integrated cospectra (i.e., ﬂuxes) typically agreed to within ± 10% between FFT and wavelet transforms
for the proﬁling ﬂights. Figure S3 shows a typical example of a normalized cospectrum for sensible heat
and isoprene using conventional FFT for RF17. It should be noted that the spectral analysis of VOC data
is limited to the Nyquist frequency imposed by a disjunct sampling interval of 1 s; during NOMADSS,
this cutoff frequency resulted in a spectral loss of less than 5%. OH measurements have a time resolution
of 30 s (green line in Figure S3). While OH measurements during NOMADSS were obtained at a relatively
slow sampling rate, we used spectral similarity considerations to reconstruct the spectral high-frequency
loss based on concomitant fast isoprene and ozone measurements available up to 5 Hz sampling rate
(Figure S4).
Figure 1 shows a typical wavelet plot of the effect of segregation. Based on typical cospectra (Figure S3), we
deﬁne any contribution to the covariance at time scales greater than 250 s (lower than 5 × 103 Hz, approximately > 25 km) as mesoscale. The cospectra between both OH and O3 with isoprene suggest that mesoscale
KASER ET AL.
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OH′½C5 H8 ′i
Figure 1. Correlation analysis of the Intensity of segregation. (a) Global covariance for Is ¼ hh½½OH
ih½C5 H8 i. (b) Flight track (lat: latitude; lon: longitude) on top of isoprene
emission map. (c) Dimensionless wavelet cross spectrum calculated for h[O3] ′ [C5H8] ′ i (below wavelet scale of 78 s) and h[OH] ′ [C5H8] ′ i (for wavelet scale >80 s).
(d) Global wavelet spectrum for dIs/ds as a function of wavelet scale [s] (y axis is the same as in Figure 1c). The light blue line represents the adjusted wavelet
spectrum for h[OH] ′ [C5H8] ′ i after spectral attenuation corrections to the raw data (blue line) as described in the text.

variations induced by surface heterogeneity can play an important role in producing segregation effects and
that even at the smallest scales the segregation can be signiﬁcant. As an example, Figure 1 shows clear local
minima of Is at wavelet scales between 500 and 1000 s during research ﬂight (RF) 13. At typical aircraft speeds,
these large-scale features would correspond to spatial scales on the order of 50–100 km and exhibit local Is of
19%. During RF17, local segregation was measured as large as 30%. The data suggest that surface heterogeneity larger than typical PBL scales can contribute a signiﬁcant fraction to the intensity of segregation,
which are likely not resolved in models similar to the ones used by Lelieveld et al. [2008]. In total, we obtained
six independent and representative PBL values for Is during two research ﬂights above forested regions in the
6
SE (including the Ozarks) averaging to 13þ
 7 %, where about half of the total (6 to 8%) is caused by the
3
smallest scales of motion (>5 × 10 Hz).
Values for the intensity of segregation in the roughness sublayer of a forest [Dlugi et al., 2010; Pugh et al.,
2011], where segregation effects are predicted to be signiﬁcantly larger than in the PBL [Patton et al.,
2001], were reported to lie between 1 and 10%. Butler et al. [2008], on the other hand, estimated an average PBL value for Is of 13% over the Guyanas and speculated it was a lower limit due to high-frequency
damping in their measurements. They argued that a PBL average for Is up to 50% would be necessary to
produce good agreement for isoprene concentrations between model and measurements. In contrast, a different modeling study [Verver et al., 2000] reported values for Is that were 50 times smaller than those of Butler
et al. [2008] along with Da numbers for isoprene of only 0.02 during midday conditions. Based on large eddy
simulation (LES) models [Patton et al., 2001; Vinuesa and Vilà-Guerau de Arellano, 2003], a range of Is between
5% (Da = 0.17) [Patton et al., 2003] to 17% (Da = 0.6) [Vinuesa and Vilà-Guerau de Arellano, 2003] was predicted previously for homogenous land cover. The model to model variability is expected due to differences
in (1) ﬂow regimes (e.g., neutral vs unstable stratiﬁcation and the resultant evolution of turbulence space and
time scales), (2) domain size (also affecting the mixing time of the largest scales of turbulence), (3) inclusion of
a plant canopy, and (4) model resolution (e.g., subgrid scale model parameterization). The average during
NOMADSS Is ¼ 13þ6
7 % and the upper range observed over heterogeneous land surface transitions
KASER ET AL.
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(Is = 20 to 30%) suggest signiﬁcantly lower numbers for Is and larger values for Da than some of the previous model estimates [Patton et al., 2001; Verver et al., 2000]. Da numbers for isoprene 0:41þ0:15
0:16 observed

during NOMADSS are comparable to values reported above an oak forest in California Da ¼ 0:50þ0:4
0:3 [Karl
et al., 2013]. We speculate that the smaller Da numbers in some of the earlier model simulations could be
partly due to missing radical cycling and a lower degree of heterogeneity of isoprene emissions; this is to
some extent supported by wavelet analysis showing highly segregated air masses in the PBL air at scales
associated with mesoscale variability that also inﬂuence isoprene concentrations. In transitional areas going
from high to low isoprene emission environments, Is was observed as low as 30%. Isoprene ﬂuxes were
positively correlated with sensible heat ﬂuxes (R = 0.42) and exhibited a negative correlation with Is
(R = 0.33) (see Figures S5 and S6). These correlations along with the above presented wavelet analysis point
at a feedback loop—the higher the isoprene ﬂux the larger the Is. This could lead to an underestimation of OH
due to limited spatial resolution. The ﬁndings are corroborated by a set of canopy-resolving large eddy simulations investigating the effect of surface emission heterogeneity (Text S7 and Figures S10 and S11) that
could induce additional segregation effects, adding up to 20% in the PBL and 55% inside of a plant
canopy. In contrast, segregation effects between ozone and different NOx species were expectedly small
(e.g., Is (NO + O3) < 1%).
4.3. Observed and Modeled Isoprene Fluxes
Detailed ﬂux proﬁle measurements [e.g., Karl et al., 2013] were obtained from the same four proﬁling ﬂights
listed in Table 1, which compares measured isoprene surface ﬂuxes with isoprene emissions from the implementation of Model of Emissions of Gases and Aerosols from Nature version 2.1. (MEGAN-v2.1) in the
Community Land Model (CLM; for details, see Text S5). For the four locations investigated, we ﬁnd an emission model/measurement ratio of 0.4 ± 0.3 to 0.9 ± 0.3 for CLM-MEGAN. Signiﬁcant uncertainties of isoprene
emissions in the model are associated with the attribution of emission factors to different land cover types,
where surface heterogeneity introduces substantial variability [Guenther et al., 2006]. The variability in
measurement-model comparisons suggests land surface heterogeneity as one of the largest uncertainties
inherent to regional biogenic emission estimates. This can have important ramiﬁcations on the physical
separation of reactants.

In order to investigate the inﬂuence of land surface heterogeneity within the above mentioned uncertainty,
we performed a spectral decomposition of isoprene emission factors based on land surface data implemented in MEGAN-v2.1 (2 km grid) along individual ﬂight tracks. Figure 2 shows such an example for RF13 that is
discussed in detail in Figure 1. The x axis in Figure 2 depicts a normalized length scale that we deﬁne as the
horizontal scale (λ) divided by the PBL height (zi) during the research ﬂight. The y axis shows the spectral
contribution to the isoprene emission factor variability. Vertical lines show length scales associated with
PBL turbulence (red), scales investigated by Ouwersloot et al. [2011] (black) and a typical grid resolution of
2.8° (based on a T42 grid) (green) used in some global 3-D models [e.g., Lelieveld et al., 2008]. It can be seen
that the large mesoscale feature on time scales between 500 and 1000 s, which we also obtain by the wavelet
analysis of Is (Figure 1), corresponds well to the major contribution of the isoprene emission factor variability.
The variability on horizontal scales λ/zi = 10–100 can contribute about 4 times as much to the overall variability than scales investigated by Ouwersloot et al. [2011]. It is noted that none of the shown variability of
isoprene emissions would be represented on a T42 grid and would therefore be missed. A ﬁrst quantitative
assessment of this effect can be gained from the correlation plot between Is and isoprene ﬂuxes (Figure S6). Is
exhibits a negative correlation with isoprene ﬂuxes. This behavior was observed for all ﬂights and suggests
that, during NOMADSS, the production of covariance (i.e.. <[OH]′ [C5H8]′>) is generally dependent on the
magnitude of the isoprene ﬂux. This behavior can be rationalized by comparing with the budget equation
for the covariance as has been outlined, for example, by Vinuesa and Vilà-Guerau de Arellano [2003]. Here
in the case of Isoprene and OH, we can deﬁne the production of covariance as
D
E
D
E ∂h½OHi D
E ∂h½C H i
∂ ½C5 H8 ′ ½OH′
5 8
¼  w ′ ½C5 H8 ′
 w ′ ½OH′
 T  D  RC5 H8 ;OH ;
(9)
∂t
∂z
∂z
where the left-hand side represents the change of the covariance between OH and isoprene which is directly
proportional to Is. The ﬁrst two terms on the right-hand side are the ﬂux gradient terms. T, D, and R are the
turbulent transport, dissipation, and chemical terms.
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Figure 2. Statistics of isoprene emission factors along ﬂight track R13 depicted in Figure 1: Spectral decomposition
(dotted blue: raw; thick red: decadal average) of isoprene emission factors. Replotted from Figure 1 is the corrected
intensity of segregation (Is). Typical length scales are depicted by vertical lines (red: PBL scales, black: range investigated
by Ouwersloot et al., 2011; green: T42 grid).

The gradient terms (1 and 2 on the right side) reduce to the ﬁrst term because OH is not transported (<w′OH′> = 0).
The isoprene ﬂux is positive and d[OH]/dz is generally positive as OH increases with z (veriﬁed by NOMADSS
measurements). Thus, an increase in isoprene ﬂux should lead to an enhanced production of Is as observed
in the real data sets.
We further investigated the impact of Is on modeled OH using constrained box models.
4.4. Impact on Predicted OH
Previous work [e.g., Wolfe and Thornton, 2011] has demonstrated the complexity of a fully coupled 1-D
chemistry simulation above a Californian forest using the Leeds Master Chemical Mechanism (MCMv3.1). In
order to simplify the interpretation, we investigate the relative magnitude of slower chemistry on OH based
on a constrained box modeling analysis in a Lagrangian sense similar to Olson et al. [2006]. Details about the
measurements constraining the box model, the chemical mechanisms (MCMv3.2), and what OH recycling
schemes were implemented are given in Texts S1–S4 and S6 and in Tables S1 and S2. A detailed comparison
between modeled and measured HOx species is shown in Figure S8. Overall, modeled HO2 lies within the
measurement uncertainty of observed HO2 (±35% for values well above 2 pptv) for all simulations
(MCMv3.2). Modeled OH is underpredicted during RF17 by 47%, during RF13 the MCM underpredicts OH
by only 15%. Figure S9 shows the most dominant chemical production and loss terms in the OH budget.
The combination of higher primary production and secondary recycling via NO, together with a lower isoprene sink and lower measured OH during RF13, likely plays a key role that we can close the OH mismatch
better for RF13 than for RF17.
On average, segregation has an effect on modeled OH that is similar to the recently proposed adjusted
LIM2010-J recycling mechanism [Fuchs et al., 2013] (Figure 3). Adding recently suggested recycling mechanisms and a 13% reduction of the isoprene + OH rate constant to the MCM code increases the modeled OH by
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Figure 3. Inﬂuence on modeled OH (average for RF13 and RF17) expressed as a relative contribution to the total change
100%) based on the following mechanistic modiﬁcations: Recycling A+(B + C) (a total of three recently proposed recycling
mechanisms (B + C) are added together and contribute equally to the light-shaded area; see deﬁnition of A, B, and C in
Table S1), LIM2010-J (recently modiﬁed Leuven recycling mechanism, see Table S1), and segregation effects (light shaded:
mesoscale contribution). Error bars indicate systematic uncertainty based on the intercomparison of isoprene measurements
(Figure S2).

about 24%. Together, these two mechanistic changes (recycling and segregation) have the largest effect on
modeled OH and would reconcile modeled to measured OH to within 88þ20
20 %. The differences in modeled
and measured OH in this study are similar to recently reported chamber measurements [Fuchs et al., 2013]
and much smaller than values published for previous ﬁeld studies [Lelieveld et al., 2008; Hofzumahaus et al.,
2009; Stone et al., 2011; Whalley et al., 2011]. Notably, Stone et al. [2010] reported no signiﬁcant missing
HOx source during the African Monsoon Multidisciplinary Analyses ﬁeld experiment, when comparing to a
lumped chemical scheme. While isoprene concentrations were somewhat higher during NOMADSS, the
NOx and ozone environment were comparable between these two studies. Mean NO levels during the
NOMADSS RF13 and RF17 ﬂights were 63 pptv and 46 pptv, respectively (average concentrations of other
trace gases during the investigated ﬂights are given in Table S2). The measurements also show that segregation can slow down chemistry by as much as 30% in the PBL, depending on surface heterogeneity. The potential of such a large change is supported by canopy-resolving large eddy simulations (LES) (Figure S11) and is
an important consideration for the interpretation of radical cycling in mesoscale and synoptic scale atmospheric chemistry models. In such cases, the effect of segregation could potentially dominate the effects
on predicted local OH densities.

5. Summary and Conclusions
Chemistry-turbulence interaction terms appearing in the Reynolds-averaged Navier Stokes equations used
in 3-D chemistry transport models (CTM)—and which are typically ignored—can signiﬁcantly modify the
atmospheric oxidation efﬁciency. They have an inﬂuence on the lifetime of isoprene in the forested PBL that
is comparable to recently proposed chemical oxidant recycling mechanisms. Reactive trace gases such as
isoprene are particularly prone to chemistry-turbulence interactions due to a comparable chemical lifetime
with respect to the mixing time scale (Da = 0.4–1). Our measurements demonstrate that the overall effect of
segregation depends on (1) chemistry-turbulence interactions and (2) scale dependent heterogeneity of
isoprene emissions. We ﬁnd that even for horizontally homogeneous PBL motions, emission heterogeneity
can induce segregation and alter reaction rates. The combined effect in CTMs likely varies depending on
each modeling framework; our measurements show that segregation’s inﬂuence in large-scale models will,
to a large extent, depend on the ability to characterize surface heterogeneity and associated variability. A
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more accurate representation of the spatial variability of isoprene emissions in models should therefore
reduce the uncertainty of predicted OH in the PBL. The presented data provide a realistic range of the
magnitude of chemistry-turbulence interactions in the PBL. We conclude that airborne ﬂux measurements
are a useful experimental technique to disentangle these complex interactions on the cycling of reactive
gases in the atmosphere.
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