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Abstract. Biogenic volatile organic compounds (BVOCSs) of other OH production and loss processes, we use a box
such as isoprene constitute a large proportion of the globamodel of atmospheric chemistry, constrained by the spec-
atmospheric oxidant sink. Their reactions in the atmospherdrum of isoprene concentrations measured, as a virtual in-
contribute to processes such as ozone production and sestrument, to estimate the variability in OH at a point and
ondary organic aerosol formation. However, over the tropi-hence, to estimate the segregation intensity of isoprene and
cal rainforest, where 50 % of the global emissions of BVOCsOH from high-frequency isoprene time series. The method
are believed to occur, atmospheric chemistry models haveuccessfully reproduces the only directly observed segrega-
been unable to simulate concurrently the measured daytimé&on, using measurements made in a deciduous forest in Ger-
concentration of isoprene and that of its principal oxidant, many. The effective rate constant reduction for the reaction
hydroxyl (OH). One reason for this model-measurement dis-of isoprene and OH over a South-East Asian rainforest is
crepancy may be incomplete mixing of isoprene within the calculated to be typicallx15%. Although there are many
convective boundary layer, leading to patchiness or segreuinconstrained uncertainties, the likely nature of those pro-
gation in isoprene and OH mixing ratios and average con-cesses suggests that this value represents an upper limit. The
centrations that appear to be incompatible with each otherestimate is not sensitive to heterogeneities in NO at this re-
One way of capturing this effect in models of atmospheric mote site, unless they are correlated with those of isoprene,
chemistry is to use a reduced effective rate constant for theior to OH-recycling schemes in the isoprene oxidation mech-
reaction. Recent studies comparing atmospheric chemistrgnism, unless the recycling happens in the first reaction step.
global/box models with field measurements have suggeste®egregation alone is therefore unlikely to be the sole cause
that this effective rate reduction may be as large as 50 %pf model-measurement discrepancies for isoprene and OH
which is at the upper limit of that calculated using large eddyabove a rainforest.

simulation models. To date there has only been one field
campaign worldwide that has reported co-located measure-
ments of isoprene and OH at the necessary temporal resoILi-
tion to calculate the segregation of these compounds. How-

ever many campaigns have recorded sufficiently high resoluthe volatile organic compound (VOC) isopreneskG) is

tion isoprene measurements to capture the small-scale fluctysgjieved to account for 44 % of global biogenic emissions
ations in its concentration. Assuming uniform distributions ¢ \yocs Guenther et a.1999. The very high reactiv-

ity of isoprene with respect to common tropospheric oxi-

dants makes its impact on tropospheric chemistry, particu-

Correspondence tal. A. M. Pugh larly in the planetary boundary layer (BL), very significant.
BY (t.pugh@lancs.ac.uk) Modelling studies have suggested that areas in which high
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emissions of isoprene occur, for instance the tropical rain-this effect can be represented by a modified reaction rate co-
forest or mid-latitude deciduous forests, should see suppresefficient, ke,
sion of hydroxyl radical (OH) concentrations in the bound-
ary layer (Vang et al. 1998 Lawrence et a).1999 Granier
et al, 200Q Poisson et a]200Q Lelieveld et al, 2002 von A negative value ofS implies that the two reactants are
Kuhlmann et al.2004 Jockel et al, 2006. This is of great  SPatially anti-correlated, whereas a positive value implies
consequence, as the OH radical is the primary sink for a largé Positive correlation, and'=0 indicates a random dis-
range of chemicals emitted into the atmosphere, including'ibution of anomalies or a homogeneous distribution. In
the greenhouse gas methane. their idealised LES modelling studyrol et al. (2000
Over the past decade several measurement studies haf@und that, under conditions of heterogeneous emissions,
noted much higher concentrations of OH in areas of high iso-Svoc.oH =—0.294 was simulated for a reaction between a
prene concentration than has been predicted by models of aYOC and OH. In their study, the effective reaction rate of
mospheric chemistryTan et al, 200%; Carslaw et a.2001; ~ VOC and OH was 25 % of that of thesBg + OH reaction
Ren et al,2008 Lelieveld et al, 200§ Martinez etal,201q  rate at 298K (UPAC, 2009. Similarly, in the development
Hofzumahaus et 312009 Pugh et al.2010. It has been Of @ parameterisation for segregation intensifyuesa and
proposed that the sources of OH in these high isoprene enviVil 2 Guerau de Arellang2003 suggestSvoc,on =-0.405,
ronments may be underestimated and several suggestions f§here the reactants react at a rate similar to that of gésC
additional methods of OH formation have been put forward+ OH reaction rate at 298 K. Such segregation can occur for
(Lelieveld et al, 2008 Hofzumahaus et al2009 Peeters CsHg and OH because, due to the extremely rapid reaction
et al, 2009 Whalley et al, 2011). Whilst these methods raté between the two compounds, [OH] rapidly approaches
are successful in increasing modelled [®# these regions @ Steéady state between its loss due to isoprene and its var-
to within the bounds of the measurements, these increasd@US production processes, on a timescale of the order of
in [OH] lead to faster oxidation, and hence lower concentra-On€ second (AppendiR). Therefore if isoprene is not uni-
tions, of isopreneButler et al.(2008 andPugh et al(2010 fprmly cﬁstnbuted thropghout the model box, OH co.ncentra-
have shown that the increases in isoprene emission requiréd®ns Will also vary, with the lowest OH concentrations co-
to rectify this isoprene underestimation exceed the availabldocated with the highest isoprene concentrations, assuming

isoprene flux in these regions and furthermore lead to a re@ther OH sinks are uniform. Isoprene itself has a chemical
suppression of [OH]. lifetime in the boundary layer which is similar to typical tur-

Butler et al.(2008 hypothesised that the reason for the Pulentmixing timescales (e.gutler et al, 2008 Pugh et al.
discrepancy between modelled and measured isoprene al%plq,'whlle its flux into the BL' is subject to heterogeneities
OH may lie with the rate of reaction between isoprene and/ikely influenced by the coupling of the canopy to the tur-
OH used in chemical models. The rate of change of isopren@ulent BL (e.g.Patton et a].2003), the local dispersion of

concentration with respect to its reaction with OH can be rep-/SOPrene emitting plants, and variations in light and temper-
resented by ature. Therefore it is highly probable that heterogeneities of

isoprene concentration within the boundary layer will occur.
Based upon comparisons between measurements over the
Amazonian rainforest and simulations using a global chem-

ot
istry model,Butler et al.(2008 found Sc,Hg,0H = —0.6 was

where the angle brackets represent volume averages, and the . ived to reconcile measured and modelled concentrations

primes represent deviations from the mean concentration. Iri1f the standard IUPAC rate constant foghdi + OH is usec?

a typical atmospheric chemistry model, concentrations ar§,  similar experiment, but using a box model and measure-
assumed to be uniform within a box and the term containing. -+« over a south-east Asian rainforest as part of the Oxi-

the primes is neglected. However studies with Ia_rge. eddYyant Particle and Photochemical Processes (OP3) campaign,
simulation (LES) models have shown that the contribution OfPugh et al(2010 requiredSc., on = —0.5 to attain a good
5H18, .

the prime tgrm can be substantigl for atmgspheric reaCtion%\greement between measurements and their model. Consid-
where the timescale of the chemical reaction is of the Sam%ring that there is also a 20 % uncertainty in the IUPAC rate

order as the mixing timescale (e@chumanleSQ_Sykes constant, such values do not appear unreasonable in the con-
et al, 1994 Krol et al, 200Q Patton et al.2007, Vinuesa text of the LES studies above

and Vila Guerau de ArellancliZOOC?. z%z'ng ar:‘ intensity of Direct atmospheric measurements of segregation require
segregation metric§ (e.g.Krol etal, 9. where co-located measurements of both species at a temporal res-
(OH'CsHg') olution fast enough to resolve the smallest relevant spatial

He) 2
(OH) (CsHa) @

ket = kcgHg, OH(L1+ ScsHg,OH)- 3

9(CsH
M = —kcsHg,0H({OH)(CsHg) + (OH'CsHg')), (1)

S = .
CsHg, OH 2Butler et al.(2008 report a rate constant reduction of 50 %

below the lower uncertainty bound of theldg + OH rate constant
1square brackets are used herein to indicate concentrationsf 20 %, as specified by IUPAC, leading to an overall reduction of
where no averaging has been applied or is specified. 60 %.

Atmos. Chem. Phys., 11, 4124134 2011 www.atmos-chem-phys.net/11/4121/2011/



T. A. M. Pugh et al.: Influence of variations in isoprene concentrations on atmospheric chemistry 4123

b,

25 143 1485 14.4 14.45 145

scales.Butler et al.(2008 calculatedSc Hg,0oH =—0.13 us- 8
ing aircraft measurements over the Guyanas; however at the
speed of the aircraft the temporal resolution of the measure-
ments resulted in a measurement scale of the order of severe
hundred metres. Hence smaller scale segregation would hav
been missed. To date only one study has measiggg on
at a ground-based station, wiblugi et al. (2010 finding
values ofSc,Hg,0H @s negative as-0.15 over a deciduous
forest in Germany, although their study is limited to a single
day of measurements.

During OP3, high-temporal resolution measurements of ‘
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[OH] co-located with those of isoprene were not available.
Here we use high temporal resolution isoprene concentration |
measurementd_@ngford et al. 2010 made over a south- w
east Asian rainforest as part of the OP3 campaldem(tt oL — - - - — — — .
et al, 2010, in conjunction with a box model of atmospheric Hour of day (decimal)
chemistry, which is used as a virtual instrument to estimate _
[OH], and hence estimate the intensity of segregation of isoF19- 1. Isoprene concentration data measured by PTR-MS for
prene and OH in this region. First the measurements are def2/04/08 showing 1 data point every 10s. The inset shows a 15min

. - . extract (note hours given as decimal fraction) indicating the short
scribed, followed by a description of the modelling approach . o

. timescale over which large variations can occur.

used. Results are then presented and discussed.

Figurel shows an example of isoprene concentration mea-
surements for a single day (26 April 2008). Although the

Measurements of isoprene concentration were made using g{urqal cycle in the measurements iS_ clear, s_ubstantial varia-
proton-transfer reaction mass spectrometer (PTR-MS) durlion is seen around the mean. The inset indicates that these
ing April/May 2008 at the Bukit Atur Global Atmosphere variations in isoprene concentration often have a magnitude

Watch station (2 58 59’ N, 117 50 39" E ). The station is similar to the mean isoprene concentration. These fluctua-

located at an altitude of 437 m a.m.s.l., on a small hill approx-tions occur on a timescale of less than one minute. If they

imately 260 m above the valley floor and the surrounded byaré characteristic of the real atmosphere they indicate large
primary and secondary rainforestdwitt et al, 2010, with a inhomogeneities in the isoprene distribution on length scales

typical canopy height of 25m (N. Chappell, Lancaster Uni- of <180m, considering a wind spee ms™.

versity, pers. comm.). On top of the hill stands a 100 m talll, To test whether these concentration fluctuations are a real
open-pylon type tower which was instrumented with a Sonicfeat_urg of the atmosphere, or are due to instrument noise, a
anemometer at 75m and a low pressure (60 kPa) PTFE gaatistical analysis was carried outlayward et al. (2009

inlet tube (length: 85m: OD}"). For the purpose of tur- showed that the instrument noise signal for the PTR-MS can

bulence calculations, these measurements are considered {6 Well-approximated by a Gaussian distribution. They show

be~125 m above the forest canopy, taking into account thathat the standard deviation of noise varies with the signal
the measurement tower is sited on (__'l Hilk(fter et al, 201Q strength and can be reliably predicted by the noise statistic

2 Measurements

Langford et al.2010. (NS:
The PTR-MS was housed in an air-conditioned laboratory c
at the base of the tower and sub-sampled from the inlet alNS= s (4)

a rate of 0.3Imin’, via a short length of PTFE tubing ( . . o
OD). The flow in the main inlet line was turbulent, minimis- Wherec is the mean signal recorded by the PTR-MS in units

ing the dampening of the VOC signayirig et al, 2005. of ion counts per second, i.e. the number of instances in

Individual compounds were sampled, iteratively, providing Which that compound is registered at the detector each sec-
for each compound a disjunct time-series with a value ever)Pnd' This is later converted into a mixing ratio as described

~7's, that is measured with an integration time of 0.5 s and ar Langford et al(201Q. The dwell time§, is the time spent

overall instrument response time of 1 s. These data are avaifcanning for each compound. For more information on these
able for a continuous 25 min period out of every 30 min. The {erms the reader is referredtayward et al(2002. AsNS

remaining 5 min were devoted to calibration techniques andS analogous to standard deviation, if the rapid fluctuations

scans of the mass spectrum. A complete description of thesl! the measured isoprene concentration are purely due to in-
measurements and set-up can be found.dngford et al. strument noise, 4.4 % of recorded values should fall outside

(2010. +2NS(Hayward et al.2002.
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used to measure this covariance. However, here we argue that
the OH time series that would have resulted from a suitable
OH measurement co-located with the isoprene measurement,
can be estimated purely on the basis of chemistry. For most
species such a procedure would not be possible. However,
two key simplifying aspects of our system are (a) that OH is
produced in-situ everywhere throughout the boundary layer
and, (b) due to its short lifetime, OH is always in steady-
state with its chemical sources and sinks. This means that
the OH concentration at a place and time is independent of
the history of the air at that place. The OH concentration
is therefore a function of the instantaneous value of chemi-
cal production,P, its major chemical sink in the rainforest
environment, isoprene, and other chemical siXs,

[OH] = f([CsHg], P,OL), ®)

and there are no advective terms to be considered. Our

Fig. 2. Histogram showing distribution of isoprene concentrations knowledge of (and uncertainty in) the chemical source and
between 11:00 and 12:00 LT on 30 April 2008. The line shows thegjnk terms for OH is embodied in chemical mechanisms. It
probability density function for a log-normal distribution. follows that our best theoretical estimate of OH mixing ratios
will come from integrating chemical mechanisms to steady-
state, given adequate empirical data on the mixing ratios of
longer-lived compounds that dominaeandOL.

The ratio of turbulent timescale to chemical timescale is
known as the Danikhler ratio (O,). Turbulence and chem-

0.7

0.6

o I o
w IS &

Probability density

o
o

0.1

0 I I I I "
1.5 2 25 3 3.5

CsHa mixing ratio (ppbv)

4.5

CalculatingNSs for the isoprene concentration data col-
lected between 10:00-18:00LT on 26 April 2008, using a
10 min running mean to calculate reveals that 10.5% of

these data lie outsid&2 NS (3000 datapoints). This indi- istry interact wherD, is of the order of 1. FoDa<1 turbu-

cates that instrument noise is highly unlikely to be responsi- = ontrols the variability and fap,>1 chemistry dom-

_ble_forall of the variation measured and shows that varlatlonsInates Vil Guerau de Arellano et all995. The OH life-

rlime, with respect to isoprene, at a typical mixing ratio of

the atmosphere during OP3. In addition, the distribution IS, ppbv, is 0.22's at 298 K. The median diurnal profile of verti-

close to log-normal (Fig2), which is representative of the

statistical distribution of atmospheric concentrations, rathe
than random ion noise, which follows a Poisson distribu-
tion. Although it is not possible to differentiate between the

Il

cal velocity during the OP3 measurement period considered
in this paper peaks at approximately 0.2m.s Therefore

the transport distance of OH during its lifetime is less than
0.05m, cf. the scale of a few metres we assume for our mea-

smaller variations and instrument noise, it is the large fluc-

tuations that will be of most importance in the analysis thatsured air parcels (based upon a typical windspeed of a few

metres per second and Taylor's frozen turbulence hypothe-

follows. sis, Powell and Elderkin1974, and thereforeD,>>>1. As
a result any covariance of isoprene and OH must be due to
3 Modelling the OH concentration adjusting chemically to a change in

the isoprene concentration, demonstrating requirement (b).
Dlugi et al. (2010 also found transport of OH to be negligi-
ble based on both the same logic, and on measurements of
If a snapshot of the boundary layer is taken in time, a rangeOH fluxes.

of isoprene concentrations will be revealed in the spatial do- In order to fully captureSc,ng, o isoprene must be mea-
main. Because isoprene is the dominant OH sink in the tropsured sufficiently fast to resolve the fastest fluctuations that
ical forest environment, the variability in isoprene concen- contribute to the covariance with OH. The isoprene time-
tration induces variability in OH concentration. If isoprene series represents 1s average values approximately every 10 s.
is well mixed within the boundary layer, the variations in Assuming that Taylor’s frozen turbulence hypothestsw-
isoprene (and thus OH) concentrations will be small, and av-ell and Elderkin1974) holds for reactive compounds, a mea-
erage concentrations are sufficient for calculations of chemsured isoprene concentration time-series with a temporal res-
istry. However, a boundary layer in which isoprene is notolution of 1s is transformed into a length scale, or spatial
well mixed will display a large standard deviation of concen- resolution, of 4 m or less, when measured wind speeds are
trations for isoprene, which will induce a large variation in 4ms- or less. Little is known about the frequency distri-
OH concentrations, resulting in a strong covariance betweetbution (and thus the length-scale) of the covariance between
isoprene and OH. Ideally co-located measurements would b©H and isoprene and other chemical systems. In a study

3.1 Approach

Atmos. Chem. Phys., 11, 4124134 2011 www.atmos-chem-phys.net/11/4121/2011/
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utilising a LES modelVinuesa and Porte-Ag¢P008 found be calculated from all the production and loss terms at that

that the sub-grid scale mixing term could be neglected whemoint by expanding Eq5,

a horizontal resolution of~50 m or less was used. In our P

study, at the high effective measurement height of 125 m[OH]= .

>90 % of the variance and flux were estimated to be carried (kcsHs, 0HICsHal) + (ko oHlOLD

in eddies slower than 1 HAglfter et al, 201Q Langford WhereOL is the sum of all OH sinks other tharskdg, and

etal, 2010 and it is likely that the high-frequency contribu- P is the OH production rate. Our approximation (discussed

tion to the OH-isoprene covariance is even smaller because dfirther below) is that the species determinifgandOL are

the damping induced by the fast chemistry. Thus the isoprenevell-mixed compared to isoprene. Hence, when computing

measurement is thought to be taken at a sufficiently high temOH at the point in space and time at which the isoprene mea-

poral resolution to effectively characteriSg,Hg, oH. surements are made, we use the instantaneous value of iso-
If, in addition, the air advecting past the measurementPrene but volume average values forndOL derived from

point is assumed to contain a range of isoprene concentrale box model. We discuss the implications of our approxi-
tions representative of the boundary layer as a whole, thefnations for the calculation dfcghg, 01 in Sect.4.3and con-

the measurements can be generalised to the whole boundafjude that our value for the magnitude s oH is likely
layer for comparison with results from atmospheric chem-t0 be an upper limit.

istry models. The close agreement found between the aver- As P andOL are complicated terms, they are most eas-
age of the isoprene measurements used in this study and aify calculated using a numerical chemistry box model con-
craft measurements made in the boundary lalen(tt et al, strained to the measureddBs]. It is emphasised here that
2009 gives confidence that the PTR-MS isoprene measureihe box model is used purely as a convenient tool to carry out
ments used here are representative of the boundary layer ascfemical mechanism calculations, and not to capture mixing
whole, fufilling this condition. processes. Hence the chemical model acts as a virtual OH

. . . instrument with precisely the temporal and spatial resolution
Because the isoprene measurement is non-continuous, ﬁ] P y P P

only provides a good statistical representation of the distribu-Of the isoprene measurements. Note that this method does

tion of 1 s data points. Some of the information on the tempo-nOt produce a continuous [OH] time-series, but rather a set
rally organised structure in the variability does get lost. How- of[OH] sample_s, Wh'.Ch correspondo _the m_easured samples
ever, as discussed above, the OH concentration at a place ar% [C5H.8] atagiven t_|me. If the re-equilibration (?f OH con-
time is independent of the history of the air at that place_centratmns (AppendiR) occurred over a longer time period

Therefore, given a sufficient time window, a representa- than the isoprene sampling interval, then the model would

tive sample of the population of isoprene concentrations ad-nOt find the new steady-state [OH] before the next change in

vected past the detector should be obtained, and a histograh?f’HB]’ and the model generated [OH] time-series would not

can be constructed showing the probability distribution of the < Va“d’ given that no information exist on the ISoprene con-
measured isoprene concentration (Eg. centration of 9 s after each 1 s sample. Appropriate values

) , for [OH] and [CsHg] are provided by taking running means
~ By calculating the average sampled isoprene concentragyer the time windows,. So effectively a running sample of
tion and modelled OH concentration owgr estimates can  the population is being taken. This avoids unnecessary and
be gained for{CsHg) and (OH). Hence Eq. (2) can be ap- 4pitary discretisation of the segregation signal and is simi-
proximated by, lar to running mean filtering in the calculation of surface ex-

change fluxes, i.e. co-variances of concentration with wind

OH CsHg' componentsNIcMillen, 1988. OH and GHg' are then eas-
(6) ily calculated from the time series, and herfegn, oH can
be calculated using Eq6)

An important consideration are the secondary oxidation
where the over-bars represent time averages. We are nOt'gﬁroductS of isoprene, which may be preferentially co-located
rectly converting a time series measurement into a spatialyith high isoprene concentrations, depending on the ratio of
scale of eddy size (evoking Taylor’s frozen turbulence hy-the turbulence timescale;, to their chemical lifetimezc.
pothesis). Rather a set of discreet samples recorded in thegwever, the lifetimes of all secondary oxidation products
time domain are used to represent the spatial variation of gg isoprene which may impact the OH sink are much greater
population of those samples throughout the boundary layerinan the timescale for mixing out of our measured air parcel,
An appropriate length faf is discussed in Se@.2 We note  whjch has a length-scale of a few metrés &1). Hence it is
that this method is not a direct measuremens@h; o1 iN - assumed that the concentrations of secondary oxidation prod-
the BL. However, given the complexities of making such a ycts of isoprene are not co-variant with those of isoprene, and
direct measurement, this approximation is of utility. effectively consistute random noise in tiSg i, o1 Signal.

Because, as explained previously, transport of OH is negTherefore it is better to assume a homogeneous mixture, lim-
ligible, the OH concentration at a point in space and time cariting our conclusions to the segregation of isoprene and OH

("

SceH OH~N —,
o OHCsHs
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only. The use of the constrained box model in the manner 0
described above implicitly mixes all species homogeneously
across all air samples if those species have a lifetime longel
than the sampling period. It is worth noting here that the ac-
curacy of this method is greatly increased if the OH sink is
dominated by isoprene chemistry (as at both sites in 8gct.
as this reduces potential errors due to a possible poor charac 3
terisation ofOL. iy
Running a model constrained to measured concentrations  -0.15¢

-0.05

-0.1r

C5Hg,

is a typical approach for studying chemical processes in ___t=10min
the atmosphere and testing model chemical mechanisms us _ _ _t =30min

ing both ground-based (e.Garslaw et al.2001, Emmer- o2y 1, =60 min
son et al, 2005 2007, Hofzumahaus et gl2009 Kanaya t, = 120 min

et al, 2007 2009 and aircraft-based (e.gen et al. 2008 025 ‘ ‘ ‘ ‘ ‘
Kubistin et al, 2010 measurements. However a model has 6 8 10 12 14 16 18

X i : X Hour of day
not before been used in this manner as a virtual instrument,

for the purposes of calculating segregation. The above liste¢tig. 3. variation in ScsHg.0H due to usingzs =10, 30, 60 and
studies typically use measurements of VOCsxNO3;, CO  120min. Carried out using OP3 isoprene measurements collected
and other intermediate/long-lived species, as boundary conen 30/04/08.

ditions to attempt to calculate radical concentrations. All

these studies utilise measurements with a temporal resolution

of greater than 1 min for the aircraft based measurements andowever it must be cautioned that LIDAR measurements
in the region 5-15 min for the ground based measurement$f boundary layer heighRearson et al2010 indicate that
They are all therefore likely to miss much of the fine-scale the BL is well-mixed throughout this 800 m range only be-
segregation of species investigated in this work. We em-iween the hours of 10:00-18:00 LT. Therefore results before
phasise that the constrained method is only appropriate fot0:00 LT will not be representative of the BL as a whole. In-
calculating covariances when the frequency of the measuredeed the first hour must be discarded as spin-up time. We
ments is high and the modelled species is not significantlyemphasise here that the BL height is only used for scaling

transported. the deposition rates of various intermediate species and the
emission rate of NO, which both play some role in the calcu-
3.2 Model setup lation of the bulk terms? andOL (see Eqv). The influence

of the chosen BL height on isoprene-OH covariances is indi-

The CiTTyCAT box model of atmospheric chemistiyi{d rect and minor.
etal, 1996 Evans et al.200Q Emmerson et al2004 Dono- Finally, the length of the time window,, is of impor-
van et al, 2005 Real et al, 2007, 2008 Hewitt et al, 2009 ~ tance. When selecting it must be considered what ele-
Pugh et al.2010 is used to apply this approach to the OP3 ments should be classified as segregation and at what time-
measurements. The model is run for the 12 h of daylight bescale variations start to reflect changing conditions (non-
tween 06:00 and 18:00 LT, and isoprene concentration is constationarities). For instance, if =1h, then variations in
strained by each of the 1 s measured concentrations, run fatloud cover and solar zenith angle may make a significant
10s. Gaps in the isoprene time series are filled by replicatingontribution to the variation. However, cloud cover and solar
a section of the immediately preceding data the same lengtlenith angle changes are typically uniform across the bound-
as the gap. This is deemed acceptable as the characteristigy layer and therefore do not contribute to the spatial vari-
spectrum of isoprene timescales is what is of interest in thisation which is the subject of this work. In order to ensure
analysis. If the 12 h data period contains gaps greater thathat only factors such as canopy emission and BL turbulence
30 min, data for that day are discarded. In total eleven dayslominate the variation, a shortegris required. To determine
of suitable data are available for analysis for the first OP3how short, the fast Fourier transform of measuyg¢®'D)
campaign (OP3-1) (April-May 2008). (which implicitly incorporates both cloud cover and solar

The model is integrated on a time step of 1s, althoughzenith angle changes) is computed (not shown); this indicates
the chemical solver itself uses intermediate time steps of dittle variation on timescales shorter than 10 min, suggesting
variable size Brown et al, 1989. As the model has pre- r, =10 min would be sufficiently small to eliminate the effect
viously been optimised for the OP3 scenarioRygh et al.  of these lower frequency variations. Conveniently the BL
(2010, the set-up described in that paper is largely retainedturnover timescale, as calculatedPygh et al(2010, is also
with the model being fed campaign average values of cloudclose to 10 min, hence a time window of this length should be
cover (calculated using(O'D) as a proxy) and temperature. sufficient to allow sampling of the range of isoprene concen-
Boundary layer height is set to 800 m throughout the run.trations within the BLDlugi et al. (2010 find ¢, = 10 min to
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be appropriate for their measurements of segregation inten-
sity over a forest in Germany, by examining the covariances
of OH and jO!D). As usingz, = 10 min also ignores the ef-
fects of slower frequency eddies, test calculationgferl0,

30, 60 and 120 min have been computed to give an indication
of how the result is affected. Calculations were carried out
using isoprene measurements collecting during the OP3 cam
paign on 30 April 2008. Figurd shows that the greatest de-
viations occur at the ends of the day, when change©iH})

are most rapid. Even when using= 120 min, which clearly
incorporates significant non-stationarities, results during the
middle period of the day were generally within a factor of
two of those generated usimg= 10 min.

s(25H8,OH

~0.25 . . . . . . .
10 105 11 115 12 125 13 135 14

Hour of day

4 Results and discussion

) ) ) Fig. 4. Comparison of the observesg. 1, o Of Dlugi et al.(2010
4.1 Case study of OH-isoprene interactions above a (black dots), with the model estimate using the approach described
German mixed forest Plugi et al., 2010 in this paper £,=10 min) (blue line).

Dlugi et al. (2010 appear to have provided the only clear

observations ofc.Hg oH to date. Therefore, to test the ap- detailed information for the background species. When the
proach described above before making calculations for thalistributions ofSc.Hg, o1 from Dlugi et al. (2010 and our
OP3 campaign, the model was run for 4 h between 10:00 andhodel are normalised to a mean of zero, a Kolomogorov-
14:00LT using an isoprene concentration time series pro-Smirnov test indicates that they are both from the same dis-
duced by generating random numbers according to the distribution at the 99 % confidence level. This suggests that the
tribution statistics specified iBlugi et al. (2010. As only variability of Sc.Hg o iS Well represented by this modelling
limited information about the physical and chemical char- approach. Overall the agreement achieved is encouraging,
acteristics of thélugi et al. (2010 measurement site were suggesting that the model can effectively estim&igi, o
available, the model setup used for OP3 was retained with thérom the supplied isoprene data.

following exceptions: The box was positioned af 5@ N,

6°24 E, with NO emissions from the&fienger and Levy 4.2 Application to a tropical forest (OP3)

(1995 inventory for that location being used. Th@}D) ) , ) ,

measurements reported Diugi et al. (2010 were approxi- Figure 5 shows the intensity qf segregation calculated by
mated by modifying the model cloud cover and the reportedtn® model for each day of available data for the OP3 cam-
temperature measurements were also used. Initial concentr®219N- ScsHs,0H IS Much less negative than suggested in the
tions for O;, NO, HCHO, MACR, MVK and HONO were studies ofButler et a|(2008 and Pugh et al.(2010 Wlth a

set as reported iplugi et al. (2010 andKleffmann et al.  10:00-18:00LT mean afcH, 01 = —0.054 forz; =10 min,
(2009, the latter measurements were for the same site buf€SUlting inkesr being 5.4 % smaller thakcghg,oH- When
they were made a month earlier. As CiTTyCAT is currently /s =60 min, the 10:00-18:00 LT mean 8¢, on = —0.068,
unable to replicate the magnitude of daytime HONO forma-€SUlting inkert being 6.8 % smaller thakcgHg,on.  Fig-

tion that was observed at this site, the model is constrained/"® 6 shows that the distribution dfcHg,0on during OP3-

to a constant HONO mixing ratio of 150 pptv, following the 1 i strongly skewed with a tail towards the more nega-
measurements dleffmann et al (2005 tive values, with the median slightly less negative than the

The result of this test is shown in Fig. A reasonable M&&n aScsHg on =—0.049 forzs =10 min. The 5th and 95th

agreement is achieved in terms of the timing and magniP€rcentiles arécsg on = —0.104 andScgHg on =-0.018 re-
tude of the main peaks. The model does not capture alfPECtively. A large variation icys on is modelled over
the variability in the observed data and tends to overesti-the course of each day, but 10 min average values never fall
mate the depth of the troughs. However, as will be discussed€lOW ScsHs.on = ~0.25. Generall§cghg, o computed us-

in Sect.4.3, the concentration of OH sinks other than iso- "9% = 60min I more negative than_fgr: 1.0 min, _hoyvever
prene has a damping effect on the magnitude@fi, o the dn‘ference is not prono_unced, vv_|th major deviations only
At a site such as this in Western Europe, the concentration§¢curng on a few occasions. ,Th's suggests that the most
of background species contributing to the OH sink may be'™POrtant component OBcshg,on IS that due to turbulence
quite high. Hence it is likely that our model will somewhat 2nd €mission variations which occur on timescatd® min.

overestimate the magnitude 8f.H, o in this case, without
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Fig. 5. Model calculated intensity of segregation fgr=10 min, showing each day during OP3-1 and the overall mean. Note that results
before 10:00 LT are not representative of the boundary layer as a whole.

Figure 7 shows thatSc.Hs 0H iS Not strongly correlated data points tend to arrange themselves in trajectories. This is
with either the standard deviatioa or the mean g) of most obvious with some of the outliers. This behaviour is a
the isoprene concentration. However the combination ofresult of using running means over the input data, meaning
these two statisticsyc,Hg/tcsHg 1-€. the relative standard that each point is influenced to some extent by the last, and
deviation, correlates strongly with the intensity of segrega-should not be interpreted mechanistically.
tion. This is likely due to the rate of increase of the overall
reaction rate of isoprene and OHRcgHg,0H/(CsHsg), de-
creasing with increasing isoprene concentration. Therefore
givenocgHg Will produce a greater range @cgHg,0H OVEr
ty, WhenpucgHg is low. This indicator becomes less accurate

The calculation ofSc,Hg 01 pPresented in this section is
gpecific to the OP3 measurement site, as the relative de-
viation of the isoprene concentration will depend strongly
upon the strength of the isoprene emission flux and upon

as Sc.i,. o1 becomes more negative; we can find no Simplethe behaviour of the factors that make this flux heteroge-

explanation for this increase in scatter. It could be due toeous N time and space, e.g. species distribution, canopy

a combination of the skewness and kurtosis of the isoprené’emmg’ small-scale turbulence. This could lead to a large

distribution, combined with the OH production rate and the variation in Scshs,on at different sites. However wo fac-

size of the non-isoprene OH sink. One feature of the plots infors are worth noting here. The first is that the measurements

Fig. 7 is that, rather than a quasi-random scatter of data, thé)f Dlugi et al.(2010 for a forest in Germany and the .mO(.j'
elled values ofSc.Hy, 01 presented here are very similar in
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though of course, in such an environment, the importance of
77777 % o { ScsHg.0H Would be proportionally smaller.
Plotting [OH] againstSc,Hg,0on for the OP3 scenario sug-
02 ‘ ‘ ‘ ‘ gests a correlation between the two variables (not shown).
018f However, this is not real; when the random isoprene time
series is used, no correlation is seen with [OH]. Therefore
the apparent correlation in the OP3 scenario must be a re-
sult of the shape of the diurnal [OH] signal being similar to
that of isoprene, since both are ultimately controlled by solar
radiation. Furthermore, running the model using a constant
photolysis rate, and hence constant photolytic OH produc-
tion, leads to deviation i§c.Hg oH ONly at the extreme ends
of the day compared to a run with normal photolysis. Hence
[OH] cannot be determined to have any significant predictive
325 02 -0.15 -0.1 -0.05 0 power forScgHg,oH-
Scsrs.on Several recent papers have suggested that the tropospheric
oxidation of isoprene might include a hitherto unconsidered
Fig. 6. Lower panel: Histogram showing probability of_occurrence OH formation mechanism, especially under conditions of
Of ScgHg,0n based upon all 10:00-18:00LT calculations for the |, NO, concentrationsielieveld et al, 2008 Peeters et l.
OP3-1 campaign. Upper panel: Box and Wh'Sker plot ShOW'”gzoog For the purposes of this work, the most important fac-
median (red line) and upper and lower quartiles (box). The up-, 7" purp . ' . _p
per (lower) whisker encompasses the region within 3 times the re-_to_r n SUCh an OH _proc_jucnon mechamsm is the time between
gion between the upper (lower) quartile and the mean. Outliers ardnitial isoprene oxidation and OH formation. If the extra OH
shown by a red cross. was formed very rapidly then it could decre&&gH, oH, as
the OH loss caused by isoprene oxidation would immediately
be balanced to some extent by an OH source. Running the
magnitude despite their differing locations. The second ismodel with the reaction of §&Hg + OH modified to directly
that OP3 observed relatively small isoprene emissions comproduce one molecule of OH for each molecule of isoprene
pared to studies over the Amazon rainforéstrigford et al, ~ oxidised, as inPugh et al.(2010, results inScyHg 01 =0.
2010. At higher isoprene emissions the relative deviation However there is no known chemical scheme that could de-
will be smaller for a similar amplitude of variation; from Scribe such a production mechanism.

0.16
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Fig. 7 this implies a less negative value £, oH- If additional OH is produced further down the isoprene
oxidation chain, then the additional OH source is unlikely
4.3 Sensitivity to be co-located with isoprene, instead being spread much

more homogeneously across the boundary layer. To date,
Figure 7 demonstrates that the most important variables foronly Peeters et ak2009 have proposed a detailed mecha-
ScsHg,0H identified by this study are the magnitude and stan-nism for how extra OH of the quantity apparently required by
dard deviation of the isoprene concentration. To test howmodels might be formed. They point out a number of places
much the underlying photochemical characteristics of thein the oxidation scheme where possible extra OH yields may
atmosphere contribute t8c.H,, 01 the model was run us- occur. By far the most important route is by the photoly-
ing a normally-distributed, pseudo-randomly generated sesis of hydroperoxy-aldehyde compounds formed as a sec-
quence of isoprene mixing ratios with a mean of 2 ppbv andondary oxidation product of isopren®eeters et al2009
a range of 0-4 ppbv. The result, shown by the heavy linesstimate the photolysis frequency for these compounds to be
in Fig. 8, reveals a relative minimum in the absolute mag- J =3x10"*s™1, with a quantum yield of 100 %, giving a
nitude of ScHg,0n at ~11:00 LT, coincident with the onset lifetime of approximately 1h. This suggests that OH for-
of precipitation, and hence a reduction in the non-isoprenemation via this route will not be preferentially co-located
OH sink due to the removal of highly soluble species such aswith isoprene, as air parcels are highly unlikely to remain
peroxides. This clearly demonstrates that the magnitude ofindiluted over this time period. In this case, as it has al-
the non-isoprene OH sink can have an impact on the magniready been demonstrated that the OH concentration cannot
tude of Scohg,0H. In effect the additional sink dampens the be shown to have any direct effect St,ng on, OH recy-
size of OH caused by a givendElg’. In these simulations cling on the timescale of an hour in the isoprene oxidation
the effect onSc,Hg,0H is small relative to those induced by scheme is not expected to make any differenc&d@ig oH-
changes in the isoprene distribution (P&, as isoprene and  To test this, the model was run for data from 30 April 2008
its oxidation products dominated the OH sink during OP3.with an additional OH source one step further down the iso-
However, in a more polluted environment, correctly account-prene oxidation chain. The result yields virtually no change
ing for other OH sinks would become very important, al- in Scong,on (NOt shown).
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Fig. 7. Correlations betweeSic 1, on and the mean isoprene concentration (left panel), standard deviation of isoprene concentration (centre

panel), and relative deviation (right panel). Values between 10:00-16:00 LT are usgd Ahchin.

0 boundary layer, this suggests a heterogeneous distribution of
NO within the boundary layer.
-0.02 i b To test the effect of heterogeneous NO concentrations,
b | t. ’4 1 “' W W three further runs were carried out constrained to a randomly-
_0.04} “‘u \‘\ R‘ ” . M ‘ M f generated normally distributed isoprene time-series. The first
ﬂ) \ | ' | of these runs, N1, was constrained to a NO mixing ratio of
i 50 pptv if isoprene mixing ratios were greater than 2.5 ppbyv,
n ‘ 10 pptv if isoprene mixing ratios were less than 1.5 ppbyv,
and 30 pptv if isoprene mixing ratios were between 1.5 and
2.5ppbv. This produced an effect where high NO concen-
trations were more typically co-located with high isoprene

-0.06

SCSHS,OH

-0.08 1

Wet depostion on concentrations; an effect that may well occur if coupling of

Wet depostion off the canopy to the BL is the primary reason for heterogeneous

-o1zp ‘ ‘ ‘ ‘ ‘ ) concentration distributions. The second of these runs, N2,
8 O ouratday 10 18 was identical except a NO mixing ratio of 10 pptv was used

if isoprene mixing ratios were greater than 2.5 ppbv, and a
Fig. 8. ScgHg, oH Modelled using a normally-distributed, randomly- NO mixing ratio of 50 pptv was used if isoprene mixing ra-
generated isoprene time-series. The red line shows a run in whictios were less than 1.5 ppbv, resulting in a scenario where
wet deposition was turned off. high NO concentrations were typically anti-correlated with

high isoprene concentrations. Finally N3 was constrained to

a randomly-generated NO time-series that was entirely inde-

Another issue of potential importance is the inhomoge-Pendent of isoprene.
neous distribution within the boundary layer of species other Figure9 shows the results for runs N1, N2 and N3, com-
than isoprene Krol et al. (2000 found that heterogeneous pared to the standard run for that day. Run N1 shows a
emission of NO, in addition to that of isoprene, led to a de-Substantial decrease in segregation, with much less negative
creased magnitude @fyoc.on; an OH gradient formed as  ScsHg.0H, as found byKrol et al. (2000. Indeed, at the ends
a result of the NO fluctuations, counteracting the effect ofof the day, when OH production via photolysis is relatively
the VOC and OH segregation. NO is likely to be hetero- small compared to production via the reaction of peroxy rad-
geneously distributed as its principal source at the OP3 meaicals with NO,Sc.Hs,0H Can even become positive as the ef-
surement site is biogenic below-canopy emissions. Thereforéect on [OH] caused by increased [NO] dominates over the
a spatial and temporal variation in both its original source,effect caused by decreased isoprene.
and its release from the canopy, is likely. No high tempo- Run N2 has the opposite effect, showing that NO concen-
ral resolution measurement of NO concentration were madérations anti-located with isoprene concentrations could yield
during OP3, but 1 Hz measurements of NEncentration  significantly more negative values 6g,Hg,0H4. However,
made at 75 m on the measurement tower, show variations ithis N2 scenario appears unlikely in reality as the dominant
NO; concentration with an amplitude of the same magnitudesource of NO during OP3 was attributed to soil emissions
as the mean concentration, on a timescale of less than 1 mirfe.g.Pugh et al.2010. Although the soil source of NO and
As NO and NG are quickly inter-converted in the daytime canopy source of isoprene are distinct, an anti-correlation of
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0.05 ‘ \ \ \ \ quired by global and box models of atmospheric chemistry
M to reconcile their OH and isoprene concentrations with mea-
(FL o surements. We emphasise that the results of this study are
W g ] limited to the segregation of isoprene and OH alone, and not
I | the segregation of any other species with OH.

The model-estimated intensity of segregation for the OP3
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1 rainforest scenario described in this paper is subject to many
wﬁ unconstrained uncertainties; in particular the distribution of
-0.1 OH sources and non-isoprene OH sinks. However, the na-
ture of the processes involved is such that these uncertainties
sl o N3 : would tend the result towards less negative values of inten-
—0.15}1 Lo - - —N1 7

sity of segregation. The result appears robust to potential OH
recycling, unless such recycling happens virtually instanta-
‘ ‘ ‘ ‘ ‘ neously following initial isoprene oxidation. Given that rapid
8 Y eratay 1 1 isoprene concentration measurements have been made dur-
ing several other field campaigns, it is suggested that the ap-
Fig. 9. The effect of heterogeneous NO concentrations correlated®roach described here might be applied to estimate the inten-
with those of isoprene (N1, red dashes), anti-correlated with thosesity of segregation in those regions.
of isoprene (N2, red dots), and showing no correlation with iso- Both Butler et al. (2008 and Pugh et al.(2010 have
prene (N3, red line), compared with a standard run (blue line) for ademonstrated that additional OH recycling in the isoprene
randomly-generated isoprene time-series. oxidation scheme can only improve model fits to measured
OH concentrations at the expense of the fit to measured iso-
o ) ) o _prene concentrations/fluxes. In order to attain an acceptable
these species is unlikely, since NO emissions from the soik; 15 poth OH and isoprene concentrations a reduction in
must transit past the isppr_ene-rich canopy to reach the BLkC5H3 on Was required. However this work shows that, at
Aircraft measurements indicate that [NIOn the free tropo- a5t for the rainforest conditions observed during the OP3
sphere is much lower than thatin the Bewittetal, 2009, 3mpaigns in Malaysia, segregation of isoprene and OH can
ruling out a free tropospheric NGource which could cause oy pe responsible for a minor fraction of the rate constant
an anti-correlation. Therefore, we deduce that the most likely,oq,ction required to resolve the measurement-model dis-
scenario is either N1, or that the distributions of NO and iso'crepancy; hence either another justification for thig, on
prene in the BL will simply be different and uncorrelated. (o qy;ction must be made or an alternative solution found.
Run N3 demonstrates that if any heterogeneities in the NO 1, yq jight of the results presented here, it is suggested that
conceqtraﬂon are mdependent of those in the isoprene COMhe highest temporal resolution measurements for isoprene
centration, then the typical value 6€;h,.01 should not be available are utilised in constrained modelling studies of at-
affected. . o L mospheric chemistry in areas where isoprene dominates the
Overall the sensitivity tests indicate that our estimation ofOH sink. If high temporal resolution measurements of other
ScsHg,oH IS likely to represent an upper limit. An increase e ies are co-located with the isoprene measurement (i.e.
in OL due to unaccounted-for species would tend to decreasgufficiently close that they are very likely measuring within

ScsHg.oH, as would plausible covariances of isoprene with y,o same air parcel) then it may prove advantageous to use
other trace species which could influene For instance, these also

the covariance of isoprene and water vapour is directly anal-
ogous to the covariance of isoprene and NO described above.

N2
Standard

Appendix A

5 Conclusions
The timescale for the OH concentration to reach a new steady

An approach has been described to model the intensity oftate following a perturbation in the isoprene mixing ratio
segregation of isoprene and OH using high temporal resolu?—crom 2 tp 3ppbv (assuming no other OH §|nks), IS found by
tion isoprene concentration data. The approach shows gootitedrating the volume average conservation equation:
agreement when compared with the only observations of iso—8 (OH)

prene and OH segregation available in the literature. When——— = P — kcgHg,0H(OH) (CsHg) (A1)

the method is applied to measurements made over the south- f

east Asian tropical rainforest during the OP3 campaign, arwhere,

intensity of segregation typically less negative tha®.15

is estimated. This is much less negative than-#e5 re- P :kolD,Hzo(OlD)(HZO)+kNo,Hoz<NO)(H02) (A2)
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