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Abstract. An inhomogeneous mixing of reactants causes aand advective transport of isoprene variance is determined.
reduction of their chemical removal compared to the homo-The largest values afs are found for most unstable condi-
geneously mixed case in turbulent atmospheric flows. Thigions with increasing buoyant production, confirming quali-
can be described by the intensity of segregafioheing the  tatively model predictions b@uwersloot et al(2011).
covariance of the mixing ratios of two species divided by
the product of their means. Both terms appear in the balance
equation of the mixing ratio and are discussed for the reaction
between isoprene and OH for data of the field study ECHOL Introduction
2003 above a deciduous forest. For most of these data,
is negatively correlated with the fraction of mean OH mix- Mixing and simultaneous chemical reactions of trace gases
ing ratio reacting with isoprends is also negatively cor- in the atmospheric boundary layer (ABL) are shown to be in-
related with the isoprene standard deviation. Both findingsfluenced by the turbulent regimes of the fluid and convection
agree with model results discussed Bgtton et al(2002) as well as the oxidation potential of the atmosphere (&eg.
and others. The correlation coefficient between OH and isoinfeld and Pandis1997 Finlayson-Pitts and Pitts 1986
prene and, therefordg increases with increasing mean re- Lamb and Seinfeld1973 Donaldson1973. The early for-
action rate. In addition, the balance equation of the covari-Mmulations of spatially resolved models to predict the devel-
ance between isoprene and OH is applied as the theoretic@Pment of photochemical air pollution considered therefore
framework for the analysis of the same field data. The storagéhemical reactions — mainly of first, second and third order
term is small, and, therefore, a diagnostic equation for this~ In @ way that not only mean mixing rati@s and their
covariance can be derived. The chemical reaction tgym  Products (e.ge; x ¢ for a second-order reaction) together
is dominated by the variance of isoprene times the quotientith the rate constari;; appear in the rate equations, as de-
of mixing ratios of OH and isoprene. Based on these find-termined from laboratory experiments (ekinlayson-Pitts
ings a new diagnostic equation fé is formulated. Com-  and Pitts .?r.1989,_but also additional_terms like var_iances
paring different terms of this equatiof andR;; show are- ~and covariances;c; have to be considered (e.g'Brien,
lation also to the normalised isoprene standard deviation. 11971 Lamb and Seinfeld1973 Shu 1976 McRae et al.
is shown that not only chemistry but also turbulent and con-1982 Donaldson and Hilst1972 Donaldson 1975 Lamb
vective mixing and advection — considered in a residual term@nd Shu1978. Herec; andc’; denote temporal fluctuations
— influencels. Despite this finding, a detection of the influ- around the mean mixing rati@s andc; of compounds and
ence of coherent eddy transport above the forest according té» respectively. If for a second-order reaction the product of
Katul et al.(1997 on Is fails, but a relation to the turbulent the mean mixing ratios fulfills the relatiofy x ¢; > cjc’,

the influence of turbulent fluctuating terms in the reaction
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rate equatiomt;; (c; x C_j+Cl{C;~) can be neglected for the pre- fore, also the budgets of trace gases (gagver et al, 2000
diction of either mean value; or ¢; (e.g.Shy 1976. The Ebel et al, 2007, Stockwel| 1995.
same conditions are valid if the balances of higher-order mo- One should be aware that, depending on the concentra-
ments (e.g. variances and covariances) are considered (e.tjon scales and the concepts applied for the calculatian, of
Donaldson 1975 McRae et al.1982. If this inequality is  the numericalDac values may differ from each other (e.g.
not valid, higher-order moments have to be determined. TheSchumann 1989 Sykes et al. 1994 Verver et al, 1997,
quotient of the covariance term and the product of the mean2000. But despite such differences the ranking of reactions
is often called the intensity of segregatiéniand is applied being most influenced by inhomogeneous mixing is consis-
to describe the degree of inhomogeneous mixing. As a content within each scaling concept.
sequence of this Reynolds-type ensemble averaging of prop- One of the chemical components studied beside the system
erties of a fluid, one concept to describe the influence of flucNO>,—NO—-Os3 is the biogenic compound isoprene and the
tuations on chemical reactions is to introduce additional dif-reaction with OH. After emission isoprene is mixed by tur-
ferential equations to determine higher-order moments (e.gbulence and convection while being transported by the wind
Donaldson and Hilst1972 Donaldson 1973 1975 Shy field. This compound reacts with OH (e.Binlayson-Pitts
1976. Another is to find the exact properties of the probabil- and Pitts Jr.1986 which itself, as a fast reacting compound
ity density functions of turbulent quantities for each reactantwith . < 1s, has only local sources and sinks. Therefore
(e.g.O'Brien, 1971 Bencula and Seinfe]Jd 976 Lamb and  isoprene (witht; > 6005s) is transported through a locally
Shy 1978. variable field of OH which is influenced by the solar ac-
The balance equation approach was applied for the analtinic flux and additional reactants like NONO, CO, CH,
ysis of field studies of the NS-NO-O; system (e.g. and various volatile organic compounds (VOCSs). Note that
Lenschow 1982 Vila-Gureau de Arellano and Duynkerke for these considerations the Damkdhler number is used as a
1992 Vila-Guerau de Arellano et al1993 Kramm and  timescale for the chemical reactant isoprene with respect to
Meixner, 2000 as well as modelling of the same system but the active species (OH) and is no longer a timescale of a spe-
for more complex atmospheric mixtures (eMcRae et al. cific reaction.
1982 Verver et al, 2000 Krol et al, 200Q Ebel et al, 2007 Such atmospheric chemical systems were analysed by
van Stratum et al2012. In addition, also fundamental stud- model studies o¥erver et al.(2000 andvan Stratum et al.
ies were performed with large eddy simulation (LES) mod- (2012 for isoprene in a complex chemical mixture and its be-
els on the general behaviour of slow, fast and very fast re-haviour in the complete ABL and byatton et al(2001) for
acting compounds in the ABL mainly under the influence isoprene in a mixture with CO but analysing the influences of
of free convective mixing conditions (e.§chumann1989 emission, mixing and reaction on the intensity of segregation
Verver et al, 1997 Vinuesa and Vila-Guerau de Arellano Is within and directly above an idealised deciduous forest.
2005 Ouwersloot et a).2011). Comparing their results, the Both analyses founds < 0 near the bottom of their model
inhomogeneously mixed reactants — especially in the case ddreas indicating that the reaction (isoprenéH) imposes
bimolecular reactions — can have reaction rates significantlya negative correlation between both compouRddton et al.
different from the well-mixed case. (2007 applied LES and specified terms in the balance equa-
It is suggested by different authors (elgol et al,, 2000 tion for isoprene with the largest influence on fluxes &nd
Pugh et al.2011;, Ouwersloot et a).2017) that also the spa- RecentlyOuwersloot et al(2011) also applied LES to
tially inhomogeneous distribution of emission sources di-study how convection and turbulence above a differentially
rectly influences the segregation intendigy heated land surface representing alternating forest and sa-
Most of these studies applied the Damkéhler numbervanna areas influenck; for the isoprene—OH reaction. In
Dac, the quotient(z;/7c) between the characteristic mixing this study, buoyant production and their differences between
timescales of turbulent or convective procesgeand the  both surface types as well as inhomogeneous emission source
specific chemical reactior, for a classification offls as a  strength cause changeslii As in the study byPatton et al.
function of nearly inert(Dac « 1), slow (0.05 < Dac < (200J), the modelled chemical reactions are for low NO
0.5), fast (0.5 < Dac < 5) and very fast(Dac > 5) bi- conditions where the major sink for OH is isoprene. Their
molecular reactions. chosen relations of friction velocity, to convective-scale
In addition, an extended scaling uses the turbulent flux ofvelocity w, with u, < w, or u, <« w, represent convective
a species’c}) to find a description for reaction and in- to free convective conditionsS(ull, 1988.
homogeneous mixing (e.§chumann1989 Verver et al, Also recentlyPugh et al(2011) applied results from the
2000 and adds a second Damkohler numidsy; for the  field study ECHO 2003[@lugi et al, 2010 to estimate a po-
specific flux to this ranking concept. It seems that for manytential influence of segregation for this reaction on results of
trace substances turbulent mixing@D < Dac < 50) sig-  another field study above a tropical rain forest area. In ad-
nificantly influences volume mean reaction rates and, theredition, Butler et al.(200§ estimated that they need values
of —0.6 < Is < —0.3 to interpret their chemical measure-
ments with an aircraft in the ABL during the GABRIEL field
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campaign also above comparable vegetation types, but aftewith Is than with OHyeas It can be also shown that the ab-
an extended error analysis estimafed~ —0.13. solute value of the segregation intensjify| increases with
The influence of inhomogeneous mixing on the reaction ofincreasing normalised variance (or standard deviation) of iso-
isoprene with OH above a deciduous forest canopy was inprene, although additional factors are of influence during the
vestigated byDlugi et al. (2010 using highly time-resolved field experiment.
data of OH and isoprene measured during the experiment We also discuss the empirical relations found for the cor-
ECHO 2003 (Emission and CHemical transformation of bio- relation coefficient;; between isoprene and OH and some
genic volatile Organic compounds). parameter like the mean reaction ratgex ¢; x ¢; (see Ta-
They obtained-0.15 < Is < 0 for this reaction from the ble Al).
first direct analysis of field data above a deciduous mixed In addition a new diagnostic equation for the covariance
forest. Their data are mostly far, 2 w,, variable NQ with  of chemical compounds ¢’ between isoprene (indéxand
NOx >3-4 ppb in the morning and significantly decreasing OH (index ;) is formulated in Sect5. An order of magni-
values around 10:00 CET and later on, but highly variable,de analysis of terms of the balance of the covariancg
photolysis rates. In general an upward-directed isoprene fluyhich significantly influences sign and magnitudelsf is
was determined. But occasionally, downdrafts with nega-presented. The following discussion shows that also a new di-
tive vertical mean velocityy and negative turbulent isoprene agnostic equation faks can be formulated and applied to the
fluxes were observed. In addition, some time intervals of thisgnalysis of ECHO 2003 data from 25 July 20@8ugi et al,

field study were also characterized by < w,, which al- 2010, In the last sections we focus on the different terms
lows a comparison with modelled results for convective con-of the balance equation influencing the covariance between
ditions. isoprene and OH as well dg and compare the results from

The present work extends the studyDlgi etal.(2010 the field with findings from model predictions especially by
and investigates the influence of chemistry and different mix-patton et al(2001) andOuwersloot et al(2011).

ing and transport processes on the effective reaction rate for
isoprene with OH. The measurements used in this paper were
first publish_ec_i b)_DIggi etal.(2010 shqwing that th_e dataset 2 The ECHO 2003 field study
— although it is limited by the short time measuring phase —
is still unique and, therefore, is used to derive meaningful2.1 Field site and measurements
results like vertical fluxes and segregation intensifpf iso-
prene and HQradicals above a forest. The same data set idn 2003 the ECHO intensive field campaign was performed
now applied to further evaluate which chemical and dynam-from 17 June to 6 August. Three towers were installed in a
ical processes are responsible for the observed segregatiomixed deciduous forest with dominating tree species beech,
To find general relations between the segregation intensityirch, oak and ash, and a mean canopy height 30 m.
Is and these processes, the balance equation of the covarlhe vertically integrated one-sided leaf area index in a ra-
ancec;c’; is taken as a frame to analyse the field data. Sucfdius of 50m around the main tower varied between 5.5 and
an approach was applied for examplellgnschow(1989 to  5.8. The towers were aligned parallel to the main wind di-
analyse interactions between chemistry and transport in théection Schaub 2007) with the main tower in the centre.
ABL for the NO—NO,—03 system. From this, an equation The west tower had a distance of 220m from the main tower,
for Is is derived, to relatds to the three controlling terms —and the east tower was located 120m away. This, for exam-
which quantify the influences of transport and mixing as well ple, allowed the investigation of the influence of the spatial
as chemical reactions. A short description of the ECHO ex-distribution of biogenic volatile organic compound (BVOC)
periment is given in Sec® with additional details given in ~ sources (isoprene, monoterpenes) on measured fluxes (e.g.
the Supplement. SectioBs5 present an analysis of the bal- Spirig et al, 2005. The field measurements were supported
ance equations of the mixing ratio of isoprene, the covarianc&y the physical modelling of this forest site in a wind tunnel
of mixing ratio between isoprene and OH and the segregatioffAubrun et al, 2009 also to estimate the influences of spa-
intensity for the reaction between isoprene and OH. cial heterogeneity of emission sources on measured fluxes

The results in Sect® and4 show that findings from the of some BVOCs. All measurements reported in the present
ECHO study agree qualitatively with results of the modelling paper were obtained on 25 July from 09:00 to 15:00 CET
study byPatton et al(2001) with respect to a relationship on the main tower. The main tower with a height of 41 m,
betweenls and OH reactivity in a chemical system com- and the upper measuring platform at 36 m, was equipped
posed of isoprene, as well as \ONO, CO, CH, and var-  Wwith nine sonic anemometers/thermometers (METEK, in-
ious VOCs. Such a relation betwedg and OH reactivity — strument type: USA-1; time resolution 10 Hz) between 2m
can only be established if available OH for the reaction withand 41 m, and eight psychrometers (dry and wet bulb tem-
isoprene is modelled based on the measured mixing ratioperatures) at the same heights except 41 m. A time resolution
of OHmeas The modelled Olgog Shows a better correlation for air temperaturd” and specific humidity; of 15s could

be achieved. Radiation quantities and photolysis frequencies
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were obtained by radiometers directly above the canopyin parallel to maxima in HQ (Fig. S6 in the Supplement)
(h¢=30m) with a time resolution of 3Bphn et al, 2004 and isoprene (Fig. S8 in the Supplement). The arithmetic
Bohn, 2006 Bohn et al, 2006. Occasionally vertical pro- mean values of the ratio (MVK MACR)/isoprene=0.52
files were measured. at 09:00-12:00 CET and 0.26 at 12:00-15:00 CET hint to-
OH and HQ radical concentrations were measured by LIF wards a changing influence of photochemical processes and
(Holland et al, 1995 2003 on a vertically movable plat- advection, but are at the upper end of data obtained at day-
form. For the reported measurements it was positioned abovéme bySchaul{2007) andSpirig et al.(2005. Following the
the canopy, with the inlet at 37 m heigh€léffmann et al, discussion byschaul{2007), this result suggests that the res-
2009. A proton-transfer-reaction mass spectrometry (PTR-idence times of BVOCs in the canopy atmosphere are longer
MS) instrument for measurement of isoprene, monoterpeneghan 20 min.
methyl venyl ketone (MVK) and methacrolein (MACR) was  Most points of the highly time-resolved data and all time-
installed at the ground, using a sampling line to collect airaveraged mean values of OH and $€bncentrations are
at the height of the ultrasonic anemometémimann et al.  above the detection limits (Fid). The same holds for tem-
2004 Spirig et al, 2009. The distances of the inlets of the perature, humidity, and vertical velocity as well for the or-
PTR-MS and LIF instruments from the ultrasonic anemome-ganic compounds as discussed blgi et al. (2010. For
ter measuring volume were 0.45m and 0.6 m, respectivelyboth radicals, the standard errau is below 10 % of their
This spatial arrangement requires corrections to the calcuarithmetic means, and the relatiog/X< 0.42 holds for each
lated fluxes as is outlined blugi et al. (2010 and given 10 min interval. The latter relation suggests also that Taylor's
again in the Supplement. For all aspects identical to the prohypothesis is valid for these chemical specigtull, 1988
cedures as applied bypirig et al.(2005, we refer to their  but not always for isoprene. Skewness (Sk) as well as kurtosis
work. Aspects which we handled in a different way are de-(Kur) point towards near normally distributed data (but still
scribed in more detail in the Supplement. The mean metewith deviations from it) for radicals with Sk 0 and Kur~ 3.
orological conditions above the canopy are presented in th@his is not the case fod (O'D) which shows a significant
Figs. S1-S3 of the Supplement together with the friction ve-deviation from the characteristics of a normal distribution.
locity as a measure of mechanical turbulence &imi etal.  The covariance betweeR(O'D) and OH is always positive

(2010. with only small correlation coefficients< 0.5, and even two
intervals withr ~ 0 on a timescale up to 10 min. This is in
2.2 Summary of some results contrast to the lower-frequency OH variations occurring on a

timescale of 10 min to 30 min, which are well correlated with
During the ECHO campaign, a feasibility study was per- J(O'D) (cf. Supplement Figs. S1 and S5).
formed on 25 July 2003 (day 206 of year 2003) to mea- Other quantities like vertical wind velocity, temperature
sure fluxes and covariances not only for isoprene but alsd@” and organic compounds mainly show a different statistical
for the first time for OH and H@radicals. The measure- behaviour with respect to the higher moments Sk and Kur
ments took place in the time period between 09:00 and(Dlugi et al, 2010.
15:00 CET. This period is characterized by cloudy condi- Most of thew data are still near normally distributed, but
tions (Fig. S1 in Supplement) with a moderate horizontaloccasionally show values with Ker4. Temperature data
wind velocity variation (Fig. S3 in Supplement) and slightly show Sk> 0 until about 13:40 CET, with a number of events
unstable to neutral stratification above the canopy. Brokerwith Kur > 4. This hints towards a more peaked distribu-
clouds caused significant fluctuations of all radiation quan-tion than a normal distribution in atmospheric turbulence
tities above canopy, as is shown for the net radiation, Rn(Hollinger and Richardsqr2005, but with a large number
andJ(O'D) in Fig. S1 in the Supplement. The air tempera- of data points (Sk 0) smaller than the arithmetic mean, es-
ture T increased from 19 to 26, while the specific hu- pecially for T until 13:40. Comparable results with SkO
midity ¢ increased only slightly from 09:00 to 12:00 CET are obtained for BVOCs with more data points smaller than
up to about 9.5 g kg! and then decreased to about 8gkg the arithmetic means and even more peaked distributions
(Fig. S2in the Supplement). The variability of solar radiation (Kur > 4) during some periods. The third and fourth mo-
is reflected in the correlated low-frequency variations of OH ments Sk> 1 and Kur> 4 are found only in time intervals
on a timescale of 10 min to 30 min (Figs. S4 and S5 in thewith lower mixing ratios. Comparing the statistics forand
Supplement), which can be explained by the primary, pho-trace substances in most 10 min intervals, the small values
tochemical production of OHKJeffmann et al, 2005. The below the mean occur simultaneously. Note that homoge-
measured H@behaves differently compared to OH (Fig. S6 neously mixed conditions are characterized byx8k and
in the Supplement) and increases stepwise following the temKur ~ 3 (e.g.Wahrhaft 2000. Therefore, one might also ex-
perature record (Fig. S2 in the Supplement). Temperaturgpect some deviation of the segregation term friye= 0, at
ramp-like structures (Fig. S2 in the Supplement) occurredeast for the system OH isoprene.
after 09:30 CET, when net radiation peaked (Fig. S1 in the
Supplement) and wind turned to a sector from SW to SE,
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PRI 1) I Here index; is for OH while index is for any chemical com-
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L o o'€920°o° ° other compounds (Tabldsand?2). With Eq. (1) and division
1107 e T oo by the sum term in Eq2), we obtain
Pere I kij x TS0 P
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0-10* T OHmeasX<% 1>=W
0.0 0.5 1.0 15 2.0 25 3.0 1=1 kij x ¢ Zl:l kij xci
Isoprene [ppb] F
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Figure 1. The relation between mixing ratios of isoprene and OH L —k;ij x 1SO

(25 July 2003, 09:00-15:00 CET). The detection lin§ity = 2) of
the LIF instrument is 0.1 ppt for OH and of the PTR-MS 41 ppt for
isoprene at a measuring frequency up to 0.2Blagi et al, 2010.

Finally one obtains for a diagnostically modelled OH mixing
ratio OHnogq with ¢; > 0 andN > 1:

The results for three time average intervals are given with the green _ ki; x 1SO _
dots for OHyog- OHmod = OH(mea3< N’_1 _) =OHx f
1=1 kij X €
_ kij X @ F (4)
2.3 Relationship between OH and isoprene "~ L—k;ISO T

The 1 min averaged mixing ratios of OH and isoprene showt1€ré we use; = OHmeas= OH as otherwise in the text. The
a large scatter (Figl, Supplement Figs. S5, S8) caused by factor f is also called the fraction of isoprene reactivity to
atmospheric variability of the OH concentration and instru- total reactivity or the branching ratio of the reaction between
mental noise. An inverse relationship between OH and isoisoprene and OH relative to the reactions of OH with all other
prene should be observed in an atmosphere where the rea€0mpounds. _ _ _

tion between OH and isoprene is the dominating loss pro- The influence of different chemical compounds énis
cess for OH. For the time-averaged 10 min data, only somdiven in Tablesl and 2. Not all compounds influencing
points remain in Figl which follow qualitatively such are- L aré available from measurements. Note that if all other
lation. Especially in the morning, OH has a number of other©©Mpounds influencing (OH) are considered, one obtains
chemical sinks than isoprene (Tallland Figs. S15-S18in J > f(@llreactants But one can estimate the impact of
the Supplement). Most of these data are from vertical profileOther reactants on our results, because most compounds of
measurements (e.§chaub 2007, and only half-hourly re- known large influence are considered. As only half-hourly
sults are available. While NOdecreases with time, the mix- and hourly values are available from vertical profile and con-
ing ratios of CO and Chistay nearly constant. To further Centration measurements for compounds,NRO, CO and
analyse the reaction between OH and isoprene and to eval=Ha in Tablesl and2, the time resolution for the calculation
ate the influence of segregation, it is essential to specify thé@f factor f is limited. The possible influence of short time

OH available for this reaction. fluctuations of mixing ratios oif is discussed later on.
This is done following the concept (Ef) that measured ~ 1he modelled OH mixing ratio shows only a slightly better
OH can be expressed by the influences of produckie@H) inverse relationship to the isoprene mixing ratio (Hip.

and lossL(OH) (Seinfeld and Pandid997. HereL(OH) is
equal to the OH reactivity.

We formulate an equation (E¢) to estimate a factof
to calculate the isoprene sink relative to the sink by other3 1 Balance equation
compounds for the reaction with measured @tdas. From
measurements during ECHO 2003 the mixing ratios of NO,The balance equation Edp)(for the mixing ratios of trace
NO,, CHy, CO, sum of monoterpenes and also OH and iso-gases is widely used to discuss the role of chemical reactions

3 Balance of the mixing ratio

www.atmos-chem-phys.net/14/10333/2014/ Atmos. Chem. Phys., 14, 1038362 2014
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Table 1. Mean mixing ratios on 25 July 2003 (day 206) at the ECHO site.

Time period (CET) Unit 09:00-10:30 10:30-11:30 11:30-13:00 13:00-15:00

NO» ppb > 25 2.0-25 1.8-2.1 1.1-1.8

NO ppb > 0.75 0.6-0.95 0.4-0.8 0.2-0.5

CO ppb > 150 > 140 > 140 > 140

CHg ppb ~ 1800 ~ 1800 ~ 1800 ~ 1800

Isoprene ppb 0.5-0.7 0.3-0.7 0.3-1.13 0.45-1.58

> Monoterpenes ppb 0.13-0.27 0.21-0.32 0.2-0.34 0.23-0.30

03 ppb 19-25 25-30 30-35 35-39

fixdiv [ppb s7]

2102 ; 12:10°
110° ] 1-10°
0-10°-f , ; - ' {0-10°

1-103 L 1.1.10%
k; - cov(ISO,0H) [ppb 5]

2105 L 2:10%
0-105-f 1 0-10%
210 : 1 -2-10%
4-10% £ M 1 4-10%
610 | 1 -6-10%
r v 1
810 £ 1 .g-10%
K; - ISO*OH [ppb 5°]

810 - - 810

A A . {6100
4-104 A \\(/ \, p—a 4-104
N /

6-10* |

TN ‘
0-104-L 10-10+
d/dt (1SO) [ppb 7]
1.5-10° - 1.5-1073
C ° ]

1-103 F /\ 11-103
05102 2 1 0.5-10%
0.10-3 F .\ ./._‘ /\ ,/‘ v/\ 4 / \ /’ /. 3 0.10-3

£V N/ N\ / /S~ .
-0.5-103 | X/ AV P 1-0.5-10
IR, ) S— — — — — — ] -110%
9 10 11 12 13 14 15

25 July, 2003 - 10 min averaging time

Figure 2. The four terms of the balance equation for the mixing ration of isopreneSjEmlculated according the finite difference method
as described in the text. The correction of the covariance is explained irbSdt.

on fluxes of reactive compounds (el@nschow 1982 Vila- temperature (see Fig. 6b Dlugi et al, 2010 and pressure
Guerau de Arellano et al1995 Kramm et al, 1995 Dlugi show only small changes during the measuring time on day
etal, 2010. This equation has two terms (the covariance and206 of year 2003 from 9:00 to 15:00 CET of the ECHO study,
the product of mean mixing ratio) which compokge(see  the variation of mixing ratios with time is almost comparable
Eq.7). to the variation of partial densities or concentrations. In a

The basic concept and formulation of E)(is discussed simplified version, neglecting horizontal advection, Eg). (
by Kramm and Meixne2000 andDlugi et al.(2010. As air
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Table 2.Mean reaction rates Té] for different reactants, the total OH Ios$OH)[s—1], the OH reactivity and the percentage of OH reacting
related to isoprene for 25 July 2003 at the ECHO site.

Time (CET) 09:00-10:30 10:30-11:30 11:30-13:00 13:00-15:00
ISO 1.76-0.88 b1 178 2
NO> >1 0.78 067 045
NO 0.07 006 003 002
co 09 0.84 084 084
CHy 0.28 028 028 028
> Monoterpenes < 0.68 051 055 05
% 30-60 65 75 ~ 95
L(OH) 4.69 4.08 415 4.09
210° 003 the isoprene flux at both towers based on the distribution of
110 min averaging time o emission sources (Figs. S19-S21 in the Supplement).
15109 ] . * The time derivative on the left side of Ecp)(is called
] “storage term” (e.gStull, 1988, and the first term on the
D aos ] right side is the “flux divergence” of the sum of the vertical
8 ] . advective and turbulent isoprene fluxes which can be itself
E ] . O e either negative or positive. The second term on the right side
z 0510° 1 L O, et is the chemical reaction term composed of the prodct
f, 1 0% °* with the product of mean mixing ratios as well as the covari-
g 010° 4 s — ance. In this analysis; = OH is considered as the only re-
- ] odf, /{o ¢ actant of isoprene; = 1SO. As explained in Appendix A of
05103 a Dlugi et al. (2010, any emission flux of trace gases is intro-
] o fixdiv duced into this differential equation by boundary conditions
o L O Mxlines when integrating over the verticalcoordinate. Rearranging
0-10% 2104 4104 610 8104 the terms in Eq.§) for ¢; = isoprene allows the estimation
k; ISO*OH; k; ISO*OH,,,, [ppb '] of the vertical divergence of the sum of the advective and tur-

bulent fluxes as a residuum caused by the influences of the
Figure 3. The residual flux divergence from E¢)(as a function of  chemical reaction term and the storage term. As discussed
the mean reaction rate for OH and Qb in Sects. 3 and 4 in the Supplement, this residuum includes

also all contributions from advection with the mean horizon-

tal flow. For ECHO 2003, this residuum is calculated for the

reads reaction of isoprene with OHXugi et al, 2010 with
ac; s _ . — = 170
a—t’z—a—z(u}xci—i—w/c;)—kij(ci X Cj +cl’.c}), (5) k,-joega [ppbts7d, (6)

where indexi represents isoprene, indgxhere represents WhereT is in K. Equation §) is applied for a reaction R =

OH, ¢; andc; are the mean values of mixing ratios of reactive iioﬁr?”hetg OI;7andf dat);\ 206 (2&'; July fzooti) %f ItECH? 2083
. T . at heightz = 37 m for the main tower for the data set as de-
.components-and], w/cl{_ is vertical turbulerﬂu.x (here of ¢ ibed inDIugi et al.(2010 and presented there in Figs. 5a
isoprene)k;; is the reaction rate constant, arfd; is the co- a4 ga_c. The temperature for the time period from 09:00 to
variance between reactants caused by turbu(ent fluctuationgs.qo ceT (see Supplement Fig. S3) increases from 292 to
of both compoundsw - ¢; is the vertical advective flux with 298 K, which causes a variation in E@) (of only 4.7 % in
the mean vertical velocity (see also Table Al: list of sym- kij (e.g. from 236ppbLst to 2.25ppbLs1). Therefore
;i (e.q. . . ,

bols). ) amean valué;; =2.3 ppb1s~1is used for further analysis.
Here the divergence of the sum of the turbulent flux and

the vertical advective flux is the residuum which also sum-3.2 Results for the balance of mixing ratio

marises all other influences of horizontal advection as dis-

cussed in the following section and in Sect. S3 in the Sup-For the analysis of the isoprene mixing ratio balance, the
plement. It can only be estimated from point measurementsnean values and covariances calculated from 10 min time
at the main tower and the west tower, the physical modellingintervals as described in the Supplement in Sect. S2 and by
by Aubrun et al.(2005 and the calculation of footprints for Dlugi et al. (2010 are considered. The terms of E§) €an
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Figure 4. The intensity of segregatiols as a function of the measured mean OH mixing ratio with a relation proposed according to model
calculations ofPatton et al(200J) (solid line). The sector between the dotted lines encloses a ranjd®¥% around the solid line. Left

part: data points outside this relation are within the blue circle. Right pags a function of the modelled Qfgq and OH — loss as given

in Table2 for mean mixing ratios of Tablé. The arrow gives the corrected value according to Se8t4

0.00 ) even more pronounced in the time series of 10 min averages
1 e (Fig. 2).
0.02 4 g o The first term — the storage term — varies between about
1 e . o ° +103ppbs?! and zero. The resulting flux divergence is
-0.04 . o dominated by this term and the first term of the chemical re-
] action term with contributions of the covariance term smaller
__ -0.06 ] e . by up to an order of magnitude. A residual positive isoprene
2 ] ° flux divergence is partly related to the loss by reaction with
T -0.08 . ® OH during vertical transport. Note that the flux divergence it-
% ] ° R self is negative, but the residuum in general becomes positive
= -0.10 by the negative sign in Eg5).
] The covariance termin the reaction term is negative and re-
-0.12 duces the contribution of the reaction term to the flux balance
] hd by up to 10 % because its absolute magnitude is significantly
-0.14 4 e smaller than the product of the mean values. The neglect
] of horizontal advection may not be strictly valid (e$un
-0.16 2007). Therefore, the determination of the flux divergence —
03 04 05 06 07 08 09 10 in the mathematical sense as a residuum — summarises also
f all unknown contributions of horizontal advection (Supple-

] ) ] ) ) ment Sect. S3). The relation of the “residual flux divergence”
Figure 5. The intensity of segregatiof; as a function of factof’ 44 the product of the mean values of isoprene and OH times
from Eq. &) with data from Tabled and2. ki; (the mean reaction rate) is linear with a correlation coef-

ficientr = 0.81 (Fig.3).
The relation between the flux divergence and the covari-
ance of the reactants (not given) shows some more scatter

be calculated replacing the differential in the storage term by(" = 0.60) with increasing values for more negative covari-

a time differencers and the arithmetic mean of quantities at ances. Negative values of the “flux divergence” are caused
time steps; andz.1 (Press et a).1997). by the storage term because both terms are of the same
The chemical reaction term splits into two parts with the order of magnitude. The chemical reaction terms are al-
first, positive part being larger than the negative covarianceV@ys smaller. Therefore chemistry influences the total resid-
corresponding time series of OH and isoprene (see Suppldd and advection (as well as convection) with the mean
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Figure 6. The normalised standard deviations of isoprene and OH{g3Hvs. their mixing ratios.
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Figure 7. The correlation coefficient between isoprene and OH respectivelydgBs a function of the product of mean mixing ratios with
the three points as discussed in Se¢t8.4and4.2.5

flux divergence on the mean reaction rate. Note that if theandc; divided by their mean valuag andc; (e.g.Danck-
influences of changing photolysis frequency and inhomo-werts 1952 Damkohler 1957 Vila-Guerau de Arellano and
geneous mixing for the covariance at 11:50 CET are sepakelieveld 1998 and is given for the system of = isoprene
rated from each other, the data point at @¢eg, OH) ~ 0 andc; = OH by

and flux divergence .8 x 10~*ppbs? in Fig. 2 is shifted L

to a covariance of-1.8 x 10-°ppk? respectively a value of c; c;

23x (-1.8x 105 ppbist=-414x105ppbist Is=— —. )
The relation between the two parts of the reaction term is the e

intensity of segregation and is discussed in the following.  Any covariance can be also presented by the product of the
standard deviations; ando; times the specific correlation
coefficientr;; (Eq.8) (e.g.Sachs and HeddericB006.

4 Segregation intensity

4.1 Introduction =TijX0; X0 8

The segregation intensi (Eq.7) for bimolecular reactions  Therefore, ifclfc’/. ~0 in Fig. 2, ;; ~ 0, the correlation
is defined as the covarianegc’; of reactant mixing ratios; between the turbulent field quantities and ¢, vanishes
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. ' . Figure 9. The correlation coefficient between isoprene and OH as a
Figure 8. The covariance between isoprene and OH calculated agynction of segregation intensits.

explained in the text as a function of product of means. The two
lines(a) and(b) are explained in the text (Seet2.4. The covari-

ance betvyeen isoprene and OH calculated as explained in the te)\%ith a variability of +40% marked by the dotted lines. In
as a function of product of means.

the left part of Fig4 some data points are outside in a sepa-
rate cluster for a range @§ < —0.025 which corresponds to
situations with only a small correlation coefficient between
isoprene and OH being determined by Eg). (

_ (Note also that one point afs ~ 0 and OH = 2.7 x
10~%ppb is shifted tols = —0.06 by the same effect dis-
cussed for the covariance (see S&c3.4.)

becauses; >0 ando; > 0 is valid. Inserting Eq. &) — as
discussed in the Supplement — into E@) $hows that the
product of the normalised standard deviations of both reac
tants has to be multiplied by their correlation coefficient.

4.2 Results for the segregation intensity These data points (in the circle) are from measuring peri-
ods with neutral to slightly unstable stratification and mixing
4.2.1 Relation to mean OH mixing ratio ratios of NG, NO and also CO higher than at other times

as given in Tablel (see also Supplement Figs. S15-S17).
The measured OH and isoprene concentrations show onlfFor these conditions additional chemical sinks act more ef-
a qualitative inverse relationship (Fid), which is plausi- fectively on mean OH, and, therefore, the relative amount of
ble since the reaction with isoprene is not the only dominantOH consumed by isoprene, Qigy, decreases (Tab®). In
OH loss (Tabled, 2). The superimposed scatter in the cor- contrast, the data points within the dotted sector in Figre
relation plot (Fig.1) has several reasons. It is partly due to for a reduced influence of other chemical sinks for OH.
instrumental noise in the measurement of OH and isoprene The measured mean OH mixing ratio is nearly constant be-
(Dlugi et al, 2010, partly due to additional OH loss by other tween 09:50 and 12:10 CET and reaches a maximum around
compounds (e.g. N9 NO, CO, CH;, VOCs) and variations 12:30 CET with a small decrease below the morning values
in the chemical production of OH (e.g. photolysis of ozone after 12:50 CET. The maximum is for a maximum in ozone
and HONOBohn et al, 2004 Bohn, 2006 Kleffmann et al, photolysis frequency (O'D) (see Supplement Figs. S1, S5,
2009. Note that an inverse relationship is comparable to theS6) and the decline for a decreaseg/ ¢®D) on average with

prediction byPatton et al.(2001) and Pugh et al.(2011), some maxima in between. The different contributions of iso-
who assumed an inverse dependence of OH on isoprene iprene and other compounds given in Tabl® the loss of
a mainly isoprene-dominated atmosphere. OH, L(OH), is estimated for four time periods (Talde The

The relation betweers and the mean OH mixing ratio mean fractionf of isoprene contribution td.(OH) is cal-
in Fig. 4 (left) shows that part of the data follow a nega- culated (Table2, Fig. 5) according to the concept described
tive correlation ofl/s with OH, a result also expected by a in Sect.2.3. L(OH) has a maximum in the first period, a
modelling study byPatton et al(2001) if their definition of ~ secondary maximum in the third period, where the contri-
Damkaohler numbeD. = 1 x k;; x OH (with the notation as  bution of ozone photolysis to the production tefiOH)
in this paper) is applied. A comparable presentation is giverreaches a maximum, and comparable values WifbH) ~
for ECHO 2003 in Fig4 with a linear fit through the origin ~ P(OH) above 45! otherwise. But the relative contribution
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Figure 10. The dependence of the intensity of segregation on isoprene standard deviation (left) and normalised variance (right). The specific
conditions for the red marked points are described in Se2ta
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Figure 11. The storage term for the covariance between isoprene and OH fron®)Ezpriipared to the storage terms of the balances of
isoprene (Eg5) and the intensity of segregatidg as given byDlugi et al.(2010 with the corrected data point (Sebt3.4.

of isoprene toL (OH) increases significantly over the mea- for time periods before 10:30 CET with < 0.6. Note thatf
suring period. Therefore in the presentation of the segregavanishes in's becausef contributes to both terms in E¢)(

tion intensity/s vs. OHpnod = f x OHmeasin the right panel  The same holds for the correlation coefficieft but not for

of Fig. 4, all data points residing originally in the blue cir- the mean reaction rate or the covariance itself. Comparing
cle move to the left. With the exception of two of them at the results in Fig5 with Fig. 4, the factorf acts on the com-
10:40 CET and 13:30 CET, all values move to the area withinplete range of segregation intensity. But the largest values of
the dotted lines. The largest effect (see also Bjgs found Is are determined for the smallegt This suggests that not
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Figure 12. The chemical reaction terms (13-V3) from E) as explained in the text and in Talleand the sunR;; of Eq. (L0) for day 206
(25 July 2003) of ECHO 2003 at the main towgr =37 m.

only the “the chemical reactivity” of the system but also mix- deviations tend to increase with decreasing mixing ratios

ing conditions should influence the magnitudd ef of isoprene respectively Qkdg (but also OHhean itself).
For mixing ratios above about®ppb, a limiting value of
4.2.2 Statistical moments std(ISO)/ISO ~ 0.5 is observed. For OH all data points are

_ _ _ _ near or above st®OH)/OH ~ 0.25. For low mixing ratios
The segregation intensitys is composed of the prod- std1SO)/ISO~ 1.6 and stdOH)/OH ~ 0.45 are found
uct of normalised standard deviations of isoprene and OHFig. 6). Therefore two limits exist fods: for low mixing

(Fig. 6) multiplied by the correlation coefficient;; if ratiosr;; x 1.6 x 0.45= 0.72x r;; and for high mixing ratios
Egs. ) and @) are combined. Both normalised standard
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Figure 13. The intensity of segregation as a function of the product of mixing ratios of isoprene and OH ang @k different classes of
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Figure 14.The intensity of segregation as a function®f andr; ;. .4 with data points indicated for different reaction conditions (see text).

0.5x0.25xr;; ~ 0.125x r;; can be estimated from data. The which cause a decorrelation between reactants and a reduc-
correlation coefficient;; increases with increasing product tion of r;; are discussed in Se@.2.5

of mixing ratios 1SOx OH (Fig. 7) and becomes zero for

ISOx OH = 0. The comparable behaviour is visible fgras ~ 4.2.3  Deviation from quasi-linear relationship

a function of Ohnod x 1SO. But the influence of other reac- ) o ) .

tants changes the slope of the increasg ofvith increasing In Fig. 4. two Qata points in the right panel are still above the
product of mixing ratios which is proportional to the mean Upper dotted line. The small valug ~ —0.003 (10:40 CET)
reaction rate for both compounds. In addition not only theiS for a situation when a downward advection with mean
chemical state of the atmosphere (here considered by faczertical windw ~ —0.25m s transports air from a layer
tor f) but also dynamic and mixing conditions influence @POve the forest with isoprene mixing ratios belaipb to

ri;. This is indicated especially for three periods in Fig. the measuring site. For this condmo_n the correlation between
which show a reduced correlation coefficient for otherwise!ocally produced OH and advected isoprene decreages:(
comparable products of mixing ratios. If a mean linear in- —0-02)- Also the product of the normalised standard devi-
crease of;; ~ 3000x ISO x OHpogis taken, the correlation ~ ations stdiSO)/ISO = 0.51 and stdOH)/OH = 0.26 with

coefficients for data points 1-3 would bg(1) ~ —0.675,  ’ij 'esults in/s ~ —0.003 if Egs. ) and @) are combined.
rij(2) ~ —0.48 andr;; (3) ~ —0.82. The different conditions Note that, for all cases during ECHO 2003 with downward-

directedw, the normalised standard deviation of isoprene
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Figure 15. The four terms of Eq.1(5) solved for RE as a function of time.

becomes small. A comparable behaviour is observed alsanay be caused by a short time maximum in OH production
for temperature. Also the correlation between isoprene mix-P(OH) by ozone photolysis (and photolysis of other com-
ing ratio and temperature becomes small for such cases (sgmunds like HONKleffmann et al, 2005 occurring around
Dlugi et al, 2010. It appears that temperature and isoprene13:30 CET (Fig. S1 in the Supplement), which is too short to
are better correlated if a direct influence of the emissionresult also in an increase of measured m&ahrelative to
source E is detected, becausk itself is dependent also the loss terml(OH) being dominated by isoprene reaction
on leaf surface temperature and its varianCecioli et al, in this time interval.

1997 Guenther et a].2006. Therefore, these quantities are

less correlated if upward transported isoprene comes dowd.2.4 Covariance and mean reaction rates

again from atmospheric layers up to some hundred metres

above the surface with only smaller temperature variance! "€ segregation intensit is composed of the covariance
(e.g.Stull, 1988. divided by the product of the means (Ef}. But both terms

The other pointis = —0.02, OHmoq = —2.04x 10~4ppb) ~ are correlated to a certain extent, because the covariance

at 13:30 CET is for a secondary maximum.JgO'D), for ~ term increases with increasing proddci ¢; = [ISOJ[OH]
w~0ms! and upward-directed turbulent fluxes of heat (Fig. 8). This is a qualitative relationship also described by
and moisture. The isoprene flux is small and below detecVerver et al.(1997 andPatton et al(200]) in their model
tion limit for this case. The correction factgr= 0.95 is for ~ Studies.

L(OH) — 4.18s°1 (Table2), but has to be reduced only by ~ Anupper limit of 31 x 10~*ppb? is observed fof; x¢; =
20 % for a shift of this data point to the area within the dot- [ISOI[OH] in Fig. 8 which is also reflected in the data of
ted lines (Fig4). Even if the variability of NQ around the ~ Fig. 1. The line (a) is given fofs = —1, the case with no re-

hourly mean value in Tabl& is considered, the lowest pos- action between isoprene and OH, while line (b) isfgr= 0,
sible value isf = 0.9 but not f < 0.79 as required. This €-9- When the covariance between isoprene and OH is zero.

Most data are in the range0.1 < Is < 0 with the diagonal
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representings = —0.1. Forc; x ¢; .4 (Fig. 8) the covari-  4.2.5 Dependence on correlation coefficient and
ance increases nearly linearly as also proposed by the model isoprene standard deviation
results. This also agrees with the behaviour;pfshown in
Fig. 7. As a consequence alsals increases with increasing During situations with OH higher tha(2 — 3) x 10~*ppb
product of mixing rations (Figd). The behaviour of both re- and isoprene above .&ppb, the largest values ofs
actantse; andc; are influenced by the chemical mixture of are found. The correlation coefficient (see E8). is
the air, the biochemical emission processes from plants anth the range—0.56<rso oy <0 (Fig9), and the nor-
transport and mixing in the canopy flow and the ABL. malised standard deviations (F8y.vary in the range
As discussed later on, finally the segregation intenkity 0.38< ¢ (I1S0)/ISO< 1.5 and 023 < ¢(OH)/OH < 0.44
itself increases with increasing produgtx c; respectively  and 025 < o (OHmod)/OHmod < 1.02 (Fig.6).
Ci X Cjmod (FI9. 13). Therefore, alsoe-Is increases propor- The lowest possible value of the product of normalised
tionally to the mean reaction rate. If the calculation is per-standard deviations is 0.09, and therefore &Ry < 0.09
formed with the measureg = OH mixing ratio, two groups  must be caused bly,;| < 1 (Fig. 9). In addition, for larger
of data points remain in Figi. If the amount off is con-  segregation intensitie < —0.08 a limiting range-0.55 >
sidered in—Is vs. ¢; x ¢, all data points forf =0.35 roH 1so IS calculated. Following the dependence of the co-
move to small values. Only three to six values remain outsidevariance (Fig.8), also the correlation coefficient increases
the left group forf = 0.75 and f = 0.95. For the marked with the increasing product of mean mixing ratios (Fy.
three pointsc; ,,q= OHmoa, the factor f is always about or the mean reaction rate. This result differs from those
f =0.75 or largerw is slightly positive (14:20 CET) or zero obtained from model calculations (e.ginuesa and Vila-
(13:30 CET) and the emissions originate from areas next tadGuerau de Arellano2005 Ouwersloot et a).2011), with
the measuring site (Supplement Sect. 3.3.2 with Fig. S20)riso on > —0.70 for the comparable magnitude ff. Ap-
For 12:50 CET a small negatiie < —0.01ms ! and aneg- plying these values to the field data, the resultiggvould
ative isoprene flux is observeBIlgi et al, 2010. be larger up to about a factor of 2 with maxima in the
Therefore, an influence of downward isoprene transportrange—0.3 < Is < —0.2. By a comparable assumption on
can be assumed for the data point at 12:50 CET. As a consey;, Pugh et al(2011) obtained/s values larger than deter-
quence, the local production and consumption of OH is lesamined in our study (Fig<, 9).
correlated to isoprene;¢ = —0.27) than is found for other We will shortly discuss one possibility for such differ-
data points (see Se&.2.5 Fig. 7). ences. For this analysis the covariance in Ef.rbay be
At 13:30CET not only vertical wind speed diminishes replaced by Eq.8§) resulting in the product of;; with nor-
(w ~ 0), but also the turbulent flux is below detection limit malised standard deviations of isoprene and OH &)ig.
and therefore called zero. For both compounds the normalised standard devia-
One possibility to interpret the shift of point 2 “to the tion, also called the turbulence intensity'c, approaches
right” is that a short-time enhanced production of OH oc- some limiting value for large mixing ratios with about
curs above canopy as discussed above (4e213 see also  ¢;/¢; ~0.45-0.55, if also data dbpirig et al. (2009 are

Fig. 4). taken into account, and;/c; ~0.23—0.3 (Fig. 6) or

The chemical and dynamical conditions at 14:20 CET areo; /c; .4~ 0.25-0.3.
characterized by a mean updraft £ 0.2 ms™t) and a rela- Extrapolating to small mixing ratios (Fi®) yields limit-
tively high turbulent flux of isoprene (0.16 ppb m'$ (Dlugi ing values of normalised standard deviations for low isoprene
et al, 2010 with a small footprint ofX < 100m (see Sup- mixing ratios of about B, for OH mixing ratios of about
plement Fig. S20) and a moderate mixing ratig, 4= 0.45 and for Oldpq Of about 10.

OHmod &~ 1.8 x 10~ ppb. Before and after that time inter- Note that the detection limitsS{ N = 2) on 25 July 2003
val, the stratification of the atmosphere above canopy wagvere 41 pptv for isoprene and 0.1 ppt for OBl{gi et al,
slightly stable Dlugi et al, 2010. 2010. Therefore all 10-minute mean values given in Hig.
Summarising these results, the intensity of segregdiion are above those limits, but Qidq may be smaller. Not all
for the reaction between isoprene and OH reaches maximurgata points for OH in Figl are far above this detection limit
values if isoprene becomes the dominant sink for OH. Thereof the LIF for highly time-resolved measurements.
fore, for NO-rich conditions in the morning (Tablgsand Uncorrelated noise on the OH time series has no influ-
2) the loss of OH by N@is important and's has minimum  ence on the covariance term, e.g. in EG, put may have
values forf < 0.4 by the influence of other concurrent reac- enhanceaon in Eq. () andoon/OH, because some data

tants. But/s strongly varies for a fixed value ¢f (see Fig5). are not very far from detection limit (DL). This differs
This hints towards additional influences of turbulent mixing for isoprene with DL= 41 ppt. Therefore, if standard devia-
in the atmospheric flow and emission source stredy{icCi- tions are used to calculatg, the corresponding variance of
ccioli et al, 1997, both acting or (ISO) andr,; in Eq.8as  the measured OHsg,, = 0§, (signa) + o, (noise, and so

discussed below and in Se#6t. ooH(signa), may be too high. If a large contribution of noise

03, (signa) /o3,,(noise = 2 is assumedgon is a factor of
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1.23 too large. With mean values efso/ISO=0.65 and  equation for the covariance between isoprene and OH will be
oon/ O H = 0.3 and with a corrected terrfé—S X ‘(’% (Fig. 6), discussed and applied as a tool for the further analysis of field
the derived correlation coefficient would be larger by aboutdata to finally evaluate the relative and absolute influences
the same factor of 1.23, and the maxima would be shifted toof chemical reactions, turbulent and convective mixing and
rij(corrected~ —0.67. But even;;(corrected) is still below  advection on the magnitude of the segregation intersity
the assumption made for model calculations.

Note that a correlation coefficient;;| < 1 also describes _ _
the deviation of the probability distributions@fandc; from 5 Balance equations for the covariance between
a normal distribution type (selugi et al, 2010. Therefore isoprene and OH and the segregation intensitys
the distributions of the mixing ratios of isoprene and OH dur- .
ing this field study differ from the normal distribution as of- >-1 The equations
ten assumed or computed in model studies (émguesa and
Vila-Guerau de Arelland2005 Ouwersloot et a).2017).

Combining the results from the ECHO field study, a rela-
tion betweenls and the standard deviatian of isoprene
is found (Fig.10) (here again the data poirdt ~ 0, o; =
0.67 ppb is shifted tds = —0.06 ando; = 0.67 ppb as dis-
cussed in Sect5.3.4. Another point {s= —0.002; g; =
0.18) is for a small covariance 62 x 10~ ppk? but agrees
with an increase ofs with increasings;. Note that this data
point is for the conditions at 10:40 CET with a significan

The balance equation for the covariance of two reacting com-
pounds (Eq9) was used byerver et al.(2000 andPatton

et al.(2007) obviously in a simplified version (a) neglecting
advective terms (A) and (b) neglecting horizontal turbulent
diffusion.

The analysis of the data from the experiment ECHO 2003
allows for some hours of day 206 (09:00-15:00 CET) to cal-
culate a number of terms of EQQ)( and to estimate their
t possible maximum and minimum contributions to the bal-

vertical advection (Secs.2.3. Therefore, for the same range 2NCe Ofc; ¢; for the isoprene concentratian and the OH
of o; the intensity of segregatiafs varies by a factor of about  coNcentration;. o

4 in the data set/s| increases with increasing(i), but two In the complete form the balance equation &pr’; reads
branches are obtained with different proportionality between@s follows (e.gSorbjan 1989 Stull, 1988 Schumann1989
both quantities. This behaviour changegdfis presented as  Verver et al, 1997):

a function of normalised variance of isoprene l&0) =

0 - _ —— dc; — d¢; — 0uy 0 —— 9 ——
nvar(c;) on the right side of Fig10 with the exception R TG -l iCE et DF et i
of two data points at 10:00 CET and 11:30 CET. For those s e Y
points nva(lSO) is large whiler;; and nva(OH) are small. ¢ < 9)
Therefore also Is = ri;(0;/ci)(0;/c)) respectively Is = —i+ "J')(axk) F +£i’
rij(0i/€i) (0} /Cj mog PECOMES significantly smaller than for R

other conditions of comparable nvar(ISO). b

In Sects.5.3and6 we further discuss the relevance®f  \yhere indexk = 1 (coordinatex and wind coordinate);
and normalised variances for the behaviourZgfas an in-  ; _ o for y andv: k = 3 for z andw, and S is the storage
fluence of chemical reactions on the balance of covariancqerm; TP} is the turbulent production by a turbulent flux of
_between isoprene and OH._AIthough further reactions havqSoprene in a spatially inhomogeneous field of OH; TR@H
influenced the OH budget in our case (see SBQ) and  rpulent production by a turbulent flux of OH in a spatially
transport and mixing conditions change during the 6 h of theinhomogeneous field of isoprenéiy is advection of covari-
experiment on 25 July 2003 (day 206), the general behavioupnce by the influence of the divergence of the flow fielg
of the absolute value dk —an increase with increasingin s the advection of covariance with the mean flow; Tthe

Fig. 10—remains. _ _ turbulent transport of covarianc@ is molecular diffusion
The error bars in Figl0 are given by the uncertainty of o/ andR;; is the chemical reaction term.

the covariance between isoprene and OH if the time delay The chemical reaction term (E0) is formulated accord-
between both time series is varied by up40.2s. This  jng to Donaldson and Hils(1972, Vila-Guerau de Arel-

is due to the fact that the wind vector varies inside the|ang et al(1995 andVila-Guerau de Arellano and Lelieveld
sampling volume of separated gas inlets and the METEK(199g for atmospheric conditions and was also applied by
anemometerRlugi et al, 2010 during each 10min inter-  veryer et al.(1997 2000 and Patton et al(2002) for a bi-
val. The *high-frequency loss” of covariance as discussedmglecular reaction in the following form with the abbrevia-
by Spirig et al.(2009 is not added because the spectral be-(ions |3 to V3 (from the left to the right, third order) for the

haviour of both time series is not known above Bz. five third-order terms in brackets (see Taltje
The number of time intervals (10 min averages) and so the
number o_f derived values in our case study is limited, since i = —kij [(TC;)(EJFC—D +C_,‘C;~2+C_jcl{2
the experimental setup was operated only some hours in the ’ (10)
mode presented here. Therefore, in the following, the balance +cicic +cic) c;] :
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The data analysis in Sed.3 (Figs. 11, 12) with Eq. ©)
proves that the data set of the ECHO 2003 study fulfills the
criteria of stationarity. For these conditions E) (hay be
simplified:

S=0=—TPl, — TPOH, — A1 — Ay

—TTy — D+ R;;. (12)
This allows us to find a new expression fét’; in terms of
all other quantities in Eq.1Q) because this covariance also
explicitly appears in the first term &;; (Eq.10). The result-
ing diagnostic equation (E42) reads

~

!
Ci

c (TPl + TPOHc + Agx + A2 + TTi + D)

1
B kij(ci +¢j) [ ) (12)
]-

~

NN
icicj+cicjcj

—kij <C_ic;»2+c_jcl’»2+c/ e

In Sect.5.2 we simplify Eq. (L2) applying also some order
of magnitude estimations for some terms. The fast measur
ments of fluctuations of mixing ratios of isoprene and OH
in a small volume of air on 25 July 2003 were performed
only at one point (7 m above canopy height,=30m) at
the ECHO main tower (Sect. 2 and Supplement 3.2; see als

Dlugi et al, 2010. Spatial derivations of mixing ratios of
these compounds and their fluxes are not available from thi

n intensity (ECHO 2003) 10349

Table 3.Order of magnitude of terms of the balance equation of the
covariance (EQQ) in ppb2 slas explained in Sect5.2and5.3for
x = z (vertical coordinate) and the mean error estimate.

Term Range [ppbs—] Mean error [%)]
S <6x10°8 +30

TP, 6x10°7106x 1076 +43

TPOH, 6x107t06x10°6 +48

Ay <1076 +36

Aoy <8x10 7 (<4x10"%) +80(%30)

T, <4x10°6 +60

D <1010 +60

R;; <4x1074 +16

ij

Therefore, for the reaction of isoprene with OH the covari-
ance controlling the segregation intensity (F8y.is deter-
mined by the product between the quotient of the mixing ra-

&ios of OH (c;) and isoprenec) times the variance of iso-

prene and two other terms. These terms describe the interac-
tions of turbulent mixing and chemistry (RES) (see E8).
and mainly third-order chemical correlation terng;{ in
the turbulent fields of reactants.
Dividing Eq. (15) by the product of the means, a new diag-
ostic equation Eql@) for Is (see Eq7) can be formulated.

data set but from other measurements (Supplement Sect. 3).

Therefore, to estimate the contribution by all terms which
describe turbulent production and transport as well as ad

vection, we may summarise these effects in a residual term

(RES) - in the mathematical sense — as

RES=TPIlx +TPOH, + A1 + Ap +TTr + D. (13)
This enables us to estimate the resulting influences of thes
processes on the covariance ardalthough these detailed
complex measurements were done only at one measurin
heightzr = 37 m (Supplement Sect. 2).

Also the chemistry term in Eq1@) may be written in the
following manner to separate the term with the variance of
isoprene which shows a direct relation &9 (Fig. 10) (e.g.
Patton et a.2001; Verver et al, 1997 from all other terms
Ciji
Rijres= —kij(@jc?+ Cij). (14)
HereC;; is the sum of terms two (113), four (IV3) and five
(V3) on the right side of Eq.10).

For isoprene (i) and OH (j) witl; > ¢; (e.g.Dlugi et al,
2010, the prefactor in Eg.12) can be simplified, and, there-
fore, Eq. (L2) finally reads

1
kijci

1
RE+ 2 —

2
i

&

kij
(RES + C—I_—lél_jcij -

¢ i

/A
CiCj

(15)

www.atmos-chem-phys.net/14/10333/2014/

Vi
S
Ci XCj
RES Cij
kijxcix(cixcy) ' ci(cixcy) ¢ 2

RE;; + CH;; — nvar(1SO);,

S

2
Ci

(16)

The third term nvalSO);; of Eq. (16) is the normalised vari-
fince (one term iR;;,.) with some proportionality vssso
itself and/s (Fig. 10). The second term Cklsummarises all
8ther terms from fronR; ;. in Ci;. It becomes also impor-
tant by the inverse influence 8f < 10~3ppb. The first term
RE;; is again determined as a residuum, as all other terms of
Eqg. (16) are directly calculated from measurements at height
zr = 37m at the ECHO main tower (Se8tand Supplement
Sect. S2).

5.2 The terms of the balance equation of the covariance

In the following all terms of the balance equation E8) (
are estimated by their order of magnitude based on measured
data from the field study ECHO 2003 (Supplement Sects. S2
and S3) and calculated quantities like first to fourth moments
(Ammann et al.2004 Dlugi et al, 2010 Kleffmann et al,
2005 Schaub 2007 Spirig et al, 2005. This also helps

to specify the impact of different processes on the resid-
ual terms RES, RE or RE Terms which cannot be deter-
mined this way, because the highly time-resolved measure-
ments were performed only at one measuring point, are es-
timated based on additional data from the ECHO field study
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Table 4. Order of magnitude (amount) of the five third-order terms field in A1, — especially under the influence of tall vegeta-
(13)=(V3) (as indicated by number 3) a&;; [ppb?s~1] (Eq. 10)  tion and complex terrain (e.un 2007 Stull, 1988 — can

according to the analysis in Sebt3(see also Fig. 12). be as large as.Ds™! but may decrease to 18— 10 2s1
for small mesoscale circulation (e.8tull, 1988. With the
Term  Third moment Range [ppls~!] covariance in the range of 1Bppt? (Fig. 8), term Ay be-

comes smaller than 16 ppk? s~1 (Table3).

13 Ry, k| (@G +e)| 7Tx108t013x 1074 . .
e [(c’cf)(c’ L’)] * * The termA1; is not added to the covariance on the left

N3 Rij, ki [Fi ?] 10 "to 1078 side of Eq. £2) because in general the wind field divergence
3 o[ 2 ~10-4 is < 0.1s°%, and, therefore, the covariance on the left side of
Rijs  kij [C-f i ] = Eq. (12) will only be influenced by less than 10%.
IV3 Ry, kij|clcic <3x10°° The other termAy, is estimated to be below 8
tja tivivj 7 1 . . . .
S 8 10~ ppt? s~ if the spatial gradient of the covariance is pro-
V3 R ki [Cicjcj] <107 portional to the change of the standard deviation of isoprene

o; with time. This relation is empirically derived from mea-
surements at the main and the west tower. But the discussion
in Sect.5.3.3shows that this approximation may be not valid
(Ammann et al.2004 Bohn, 2006 Bohn et al, 2006 Kleff- on our day 206.
mann et al.2005 Schaubh2007 Spirig et al, 2005. The spatial variability of/ ¢’; is caused by local variabil-

If advection with the mean flow is neglected and only ity of OH mixing ratio caused by photolysis and chemical re-
the residual transport in the vertical direction is considered,actions during advection of isoprene from emission sources
Eqg. ©) is simplified and is consistent with the equations asto the site of measurements. As discussed in $eg8t4 OH
applied byVerver et al.(1997 andPatton et al(2001) for production and isoprene emission are found to be locally pos-
their model studies, while Eq10) is identical to their for- itively correlated in a frequency range below about 0.02 Hz.
mulations. The covariance for inhomogeneous mixing conditions de-

For the following estimation of the order of magnitude scribes a negative correlation between isoprene and OH
of all terms of Eq. 9), A and Az are not neglected, (Fig.8). Therefore, as mostly negative covariances are deter-
but for some terms only changes indirection are con- mined, the change from locally positive to negative correla-
sidered which simplifies the first and second term on thetion is caused by advective transport of isoprene and isoprene
right side of Eq. 9). The storage term (Fidll) is always  variance through the field of OH being variable in time and
smaller than most other terms (TalB and can be ne- space. The influence of advection on this term possibly can
glected to formulate diagnostic equations for the covari-be significantly larger as discussed below and shown in Ta-
ance andis (Sect.5.1). The first term of RES on the right ble 3 in parentheses. The influence of horizontal derivations
side is the product of the turbulent isoprene flux and thein A, is discussed further below and in Se&=.3 6.2and
mean vertical gradient of OH mixing ratio, which can be in Sect. S4 in the Supplement.
estimated from measurements during ECHO 20DRidi Compared to other terms which compose RES of,RE
et al. (2010, Supplement Sects. 2 and 4). The isoprene(Eq. 16), A1, can be neglected if the divergence of the wind
flux varies in the range 0.02-0.2 ppb mgseeDlugi et al, field is below 101s1,
201Q Spirig et al, 2009, and the mean gradient of OH  The term TT, is given by the divergence of the turbulent
above canopy — from unpublished measurements — is aboutansport of the numerator of segregation intensity. The tur-
3x 10~ 5ppbnT L. Thus the combined first term isx610~7 bulent transport is also one term in the chemical part of the
to 6x 10 %ppl? s (Table3). The second term is obtained flux balance (e.gPatton et al.2001) and is calculated di-
ifisoprene and OH are replaced. The vertical gradient of isorectly from measured quantities g = 37m. This term is
prene (se&chaub2007 Ammann et al.2004) varies in the  generally belowt-10-°ppb m st with one exception around
range+0.14 ppb nT! to £0.01 ppb ! and the OH flux be-  12:00 CET with a value of.3 x 10-5ppb m s'L. The vertical
tween zero and-4 x 10°ppbms? (Dlugi et al, 2010.  divergence of third-order moments (e.g.w0%®’¢’) is found
Note that the vertical turbulent flux of OH is caused by trans-from measurements at the main tower to be at least smaller
port of compounds like isoprene and others (e.g. Tdple by an order of magnitude than the moment itself, e.g. smaller
the measuring volume where they locally react with OH. Thethan 4x 10-6ppl? s~1 (Table3). Here the analogy between
product is of the same order of magnitude as the first termy, ¢; = OH, T andc; is used as discussed in the Supplement
TPI,. Depending on the sign of TPRnd TPOH, in an or-  Sect. 4. Therefore, also this term may be of the same order
der of magnitude estimation, both terms may cancel out eaclof magnitude as the terms T;RAnd TPOH.
other or may add up to aboui2lx 10~°ppl? s~ (Table3). The molecular diffusion tern® is composed of the prod-

In the balance equation of the covariance between isouct of vertical gradients of fluctuations of isoprene (about
prene and OH, the advection term is decomposed into termg0—2ppb n 1) and OH (about 10° ppb nT 1) times the sum
A1, and Az. On a local scale the divergence of the wind
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of the molecular kinematic diffusivities of the order of Eq. (11), the diagnostic form Eq1@), and, finally, Eq. 15)

10°m?s~1 based on the data presented Bjugi et al. and Eq. 16) for conditions of 25 July 2003 during ECHO.

(2010. Therefore this ternb is smaller than 101%ppk?s~1  But this may not reflect the general behaviour of the chemi-

and can be neglected in the following. (For further discussioncal system at other field sites. For completeness, the storage

see Supplement Sect. 4.) term of the balance of isoprene mixing ratio is shown, which
In this order of magnitude estimation, the maximum of — in general — is not small compared to other terms as dis-

the terms which compose RES is aboug & 10~° ppt? s cussed in Sec8.

while R;; is below 4x 10~4ppl? s~! (Table3), and RES-

R;; (Eq.11) is not fulfilled. Therefore, not only the vertical

but also the horizontal derivatives should significantly con-

tribute to all terms withouD in Eq. (9). Based on the avail- o ) )
able data the horizontal contributions to TRInd TPOH The empirical analysis on the relation between the product

may be estimated to be as large as the vertical contributionf the mixing ratios and the covariance bet\Lt?en isoprene
The covariance/c’; = r;j x o; x o; is always determined lo- and OH (Fig.8) suggests that the variations dt’; and /s
cally by the transport of isoprene variance — standard devi{Fi9- 13) azfeﬁgttef described by the normalised variance of
ationo; — through a field of locally variable OH mixing ra- 1SOPrenes;/ ¢;” as given on the right side of Fig0than on

tio (c;) characterized by2 (Eq. 12). Depending on;, the ~ the isoprene standard deviation _
horizontal contributions i, may therefore also approach 1 NiS behaviour is also reflected by the third term
values in the range of 5-1010 °ppt?s~! and, therefore, nvarlSO);, = c’l-z/ci2 on the right side of the diagnostic
significantly contribute to RES, so that the sum approachegquation for/s Eq. (16) and, therefore, is consistent with the
the magnitude oR;;. theoretical concept, which is applied to the data analysis (see
The chemical reaction ratg;; (Eq. 10) consists of five ~ Sect.5.1).
terms which can directly be estimated from results given The numerical results fak;; (Eq. 10) support the estima-
by Dlugi et al. (2010 and is discussed in more detail in tion in Sect.5.2 (Table 4) but show more details (Fid.2).
Sect.5.3.2 (e.g. Figl2, Table 4). The third term—k;; x All terms in brackets (I13—V3) are third order by dimensions
and are given from left (below) to right (fifth term, V3) like
in Eq.10and Table4 with the sum of all term;; at the top.
Term IlI3 is proportional to the variance of isoprene mix-

ing ratio and, therefore, is dominant while term 13 is nega-

5.3.2 The chemical reaction term

Ejz (term I3 in Fig. 12) is proportional to the vari-
ance of the isoprene mixing ratio and becomes dominant fo
most 10 min intervals sometimes together with the first term

—ki; xclc’ . (¢; +7¢; i iti . . X S
—kij x ¢ c; (¢i +¢;), which should be positive (see term I3 ;- by the influence of the covariance but changes sign like
in Fig. 12) by the influence of the covariance, which itself X o ;

erm 1113, because all terms iR;; are multiplied by—1 in

has only negative values. The terms |13 and V3 are small an .
. . d. (L0). In general 13 has a tendency to reduce the influence
may be neglected. The magnitude of term IV3 is of the or- . .
of term 113 on R;;. The chemical reaction terR;; enters

der of term/3 but with positive as well as negative values. . . : : "
. . ; . into Eq. (L2) with a negative sign to compensate for positive
This points towards the results obtained in Sdc.5that - .
contributions from terms in RES (see also Eg).

the standard deviation (Fig0) of isoprene mixing ratio — or . .
normalised variance as in E4.6) — controls segregation in- Comparing the storage terms from the balance equations
with Is (Fig. 11) shows that many features @§ can also

tensity /s if isoprene is the dominant hydrocarbon in the gas be seen in the storage term of the balance for the covariance

mixture with respect to the reaction with OH. Therefore, as . :
discussed in Sect.2.1 an extended analysis is necessary be-(Eq' 15). between isoprene af‘d OH and everi and term
o 113 until about 12:30 CET (Figl2).

cause concurrent reactants like CO, N&ahd NO with mix- : . ] .

) : : . . This dominant term 1113 is composed of the quotient

ing ratios higher by a factor of 2 or 4 in the morning hours OH/(156+ OH) ~ OF/ISO and the variance of isoprene

(09:00-10:40, 11:10-11:30 CET) than during other time in- R 1sop '
and, therefore, this influence can also be seen in a compar-

tervals of day 206 (25 July 2003) are observed (Tahl€See ison of Is o Ry, respectivelyR:;. ., (Fig. 14). Two branches

also Supplement Sect. S3.) This aspect and its influence on ; il . . i
Ri; is further discussed in Se&.3 appear in the left part of this Fig4 with a different depen

dence ofls on R;;. This behaviour is comparable to the de-
pendence ofs on standard deviation as shown in Flg).

The error forR;; is mainly caused by the uncertainty in
the covariance in term 13 and the triple moment in term V3

5.3 Results for the balances of covariance and
segregation intensity

5.3.1 The storage term when the same calculation as &y (e.g. for the covariance)

is performed. The accuracy &;; is mainly caused by the
As mentioned before the storage term in E®) is small mean error of only 7% for the normalised variances of iso-
and can be neglected compared to other terms (Fljy. prene. Although CH has a maximum error of 64 %, this
because of its magnitude af10-8ppkPs—. This empiri-  term contributes only less than 15 %/ Therefore, the re-

cal behaviour allows us to simplify Eq9)Y and to derive  sulting errors orfs are significantly smaller (see Supplement
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Sect. S4.1), and the same possible source of uncertainty in- In addition, all other data points for the relation between
fluences both quantities in the same way. —Is andR;;,., are influenced by the relative contribution of
If only the relative loss of OH caused by isoprene is con-isoprene to the reaction with OH (Tablgs?2) as well as the
sidered, all terms iR;; become smaller by the correctigh ~ change of stratification above canopy which is unstable until
described in Sec#.2.1(Table2) and in Sect2.3. Note that  13:20 CET Dlugi et al, 2010.
all terms inR;; are affected by this procedure if the mixing  Therefore, although isoprene becomes more dominant in
ration of OH is replaced by Okbg= f x OH, but/sremains  OH removal after 13:00 CET the changing mixing condi-
unchanged. tions on a shorter timescale tend to reduce this influence on
The modification is the largest for the first and second pe-Is. This aspect of influences of turbulence and convection
riod (Table2) and almost negligible for the last period. But on mixing processes and segregation is further discussed in
some data points are still outside the new relation betweerSect.6. In the periods when the atmosphere above canopy
Is and R;;,,,4 ON the right side of Figl4. After 14:00CET  becomes partly stable, maximum valuedgtre in between
the influence of the maximum value of isoprene mixing ra- Is = —0.07 (13:40 CET) ands = —0.095 (14:20 CET), al-
tio and isoprene variance cause maxima in both terms 13hough isoprene is the dominant sink for OH (Talleg).
and llI3. Therefore als®;;,.., has a maximum significantly This hints again towards a combined influence of chemical
different from the expected range of the relation-és if reactions R;;) and turbulent respectively convective mixing
smaller and larger values dfs| are considered. At least and advection (RES, RB as given in Eqgs.15) and (L6).
four other data points at 11:50 CEfls(= —0.06), 12:50 CET
(Is=—0.055), 13:30CET {s=—-0.024) and 14:10 s = 5.3.3 Covariance and segregation intensity
—0.095) with different factorg (Table?2) are shifted still to -

the right only by the influence of term 1113. The variance of The covariance; ¢, and s are influenced by chemical re-
isoprene is in the range®< o2 < 0.46, and the mixing ratio  actions because tﬁey can be presented as a function of the
i . !

mean reaction rate as well as transport and mixing processes
uct multiplied byk;; = 2.3ppb-Ls~L is larger than for other (Figs.8, 13). The latter can only be determined as a mathe-

data points with comparabls, but lower OH and Okl,q ~ Matical residuum as RE in EdL) or RE; in Eqg. (16).
(Fig. 14). We discussed these data points within the context Solving Eq. ,@‘5) for_ RE y|elds th? results in Fig.5. Note
of the relations between the covariance and correlation coefinat the covariance itself is negative, so the result becomes
ficient on mean reaction rates (Seét2.2 4.2.4 Fig.7). The  Positive by the minus sign in Eq1¥). This term is deter-
deviation of £ from the meary for each time interval is most Mined from measured dzata of the order of 3ppt. Also
likely (TablesL, 2). In addition, at 12:50 CETs = —0.055is ~ —Cij/Ci and (¢j/ci) x o are determined from measured
for a situation with a dominating downdraft instead a convec-data. The latter term is larger by an order of magnitude than
tive updraft also with a negative net isoprene flux (Béegi bgth_otherzterms. Therefore RE is largely compensated by
et al, 2010. The magnitude ofs = —0.06 (at 11:50CET)  (€j/¢) x o/ because the storage tesrin Eq. () (Fig. 11)
is a result of a combined influence of a change in OH pro-1S Negligible. A comparable result is obtained if E6is
duction P (OH) and isoprene emission source as discussed iffolved for RE, with RE;; ~ (67 /c?);, (Fig. 16) because
Sect.5.3.4 The third data point at 13:30 CET is from the pe- the normalisation does not change the relative magnitudes of
riod when stable conditions developed above can@jydi the different terms. CH is dominated by the fourth term in
et al, 2010. Therefore these conditions are different com- Ed. 0) and is only about 15 % or less of the magnitude of
pared to all other time intervals with more “common condi- ((rl.z/cl.z)is Therefore the covariance arig are controlled by
tions” like (a) an upward-directed isoprene flux, (b) nearly the difference of two terms being larger by about one order of
constant relatior? (OH)/L(OH) and (c) unstable or neutral magnitude than the two other terms (Fig5, 16). The mag-
stratification above canopy during daytime. nitudes of RE and RE support the conclusion in Se&.2

In general, both parametezgz, andc; respectivelye; .4 (Table3) that the magnitude of horizontal derivatives in term
influence R;; (Rijn.g) during unstable stratification above Ay should be of the same order &g to fulfill the findings
canopy. At 14:10CET, like at 14:20 CET fey; (Fig. 7), S ~ 0andR;; ~RES in Sect5.1
R;j (Rijmeq) is mainly determined by the large variance of
isopreneoi2 =0.78 ppB8 during a short interval with unsta-
ble stratification and a sensible heat flE#x~ 0.1Kms™®
within a period with otherwise slightly stable conditions af-
ter 13:20 CET. Assuming’, and therefore; .. would be
too large, the required reduction Ry, is about 50 % at
11:50 CET, 40 % at 12:50 CET and again 50 % at 13:00 CET,
13:30CET and 14:10 CET.

of OHmoq is still above 2x 10~*ppb. Therefore, their prod-
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Figure 16. The four terms of Eq.1(6) solved for RE;, as a function of time.

5.3.4 Sources of isoprene and OH and mixing perature — caused by strongly variable solar radiation flux as
also found on day 206 for ECHO 200BI(gi et al, 2010
As mentioned in Sects4 and 5.3.2 one point around — and its influence on the variability @& and therefore also
Is >~ 0 with o; = 0.67 (Figs.4, 10, 11) and R;; =2.78 x ;. Also the influence of variation of (O'D) photolysis fre-
10~4ppk? s~ (Fig. 14) does not follow the general be- quency can be directly found for time intervals longer than
haviour — namely that-Is increases with increasing and  about 1 min Dlugi et al, 2010. Both processes are related
R;;. The reason for this can be found if the spectral distribu-to each other by fluctuations of radiation quantities and are
tion of the covarianc@, the ogive Oncley, 1989 Beier partly correlated. Therefore the covariance between OH and
and Weber 1992, is considered (Figl?7) for this 10min  isoprene for time periods longer than about 60 s appears as a
time interval at 11:50 CET and compared — for example —positive contribution to the ogive in the lower part of Fig.
to the time interval at 12:30 CET with the maximum value In addition, for higher frequencies, mixing of both com-
of Is = —0.14. At 11:50 CET the influences of changing OH pounds is not complete as observed also for other time pe-
production rate by photolysis as well as isoprene emissiorfiods, e.g. at 12:30 CET (Fig46, 17). If integrated over the
cause a positive correlation between OH and isoprene inwvhole spectrum to calculate the covariance, the remaining
the low-frequency part of the time window of 10 min be- negative contribution tds above 15 x 10-?Hz from inho-
tween 16x10-3Hz and 02 Hz. The isoprene source strength mogeneous mixing is compensated by the other part, which
E (e.g.Guenther et al.1995 2009 is significantly influ-  leads tols~ 0.
enced by solar radiation and leaf surface (volume) temper- If only the process of inhomogeneous mixing is consid-
ature on timescales longer than about 30-60's. The measuré¥ed, this type of ogive is given in the upper part of Higfor
ments of surface radiative temperature at main tower alséhe maximum case but being in principle valid for all other
show changes up to 4K for the same timescaiscioli data points except at 11:50 CET. The change of the ogive
et al. (1997 described the oscillation of leaf surface tem- for inhomogeneous mixing is most significant below about
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0108 s . 6 Potential influences of mixing processes
] \\ — 12:30 CET
g 05100 6.1 Eddy motion near canopy top
T ] \ The relations between the covariance Igrand different
8; -1-10% ] terms of their balance equations point towards the combined
é>3 \_\v\/% influences of chemical conditions as well as of turbulent
Q 1510% ] — transport and mixing processes near canopy top or even on
1 a horizontally larger scale, e.g. by the influence of convec-
] tion or small mesoscale circulation. On the smaller scale
-210° T T — Katul et al. (1997 discussed the role of eddy motion near
10° 10° 107 the forest-atmosphere interface. AlBatton et al.(2007)
6-10° s : showed that coherent eddy motion and related mixing pro-
] - 110 CET cesses (withr;; > —0.8) should influence the intensity of
5 410 ] /\/\ segregations. In this paper such effects are related to terms
D 2109 3 like RE;; and nva(lso);; = (o;/c;);s. This is done without
5 N / \ further specification of processes behind the nature of terms
g 0107 37— \ RES or RE; in Egs. (L5) and (L6). For this purpose we calcu-
S 109 lated all terms of th&atul et al.(1997) version of third-order
8 ] P \ cumulant expansion method (CEM) to find out if the relative
4100 4 i \,\/\/\V\ contribution of sweeps or ejections to the flux of isoprene
5109 ] . _ . - a . . can be related to the terms nd&0),;; or RE,. A measure
103 102 10+ for this effect is the “stress functionASp for the isoprene

flux. This may be expressed in a simplified formulation de-
rived from complete CEMKatul et al, 1997 Cava et al.

Figure 17. The spectral presentation of the ogives of the covari- 2006 as
ance of OH and isoprene for the maximumv/gfat 12:30 CET, and

Frequency [s] - 25 July 2003

- . 1
the minimum offg at 11:50 CET when both parts compensate eachASo ~ (M1 — M), (17)
other and apparently result it ~ 0 (see Sect5.3.4). The broken V21 2Ry
line for the results at 11:50 CET shows a possible behaviour of the
ogive if only inhomogeneous mixing occurs. with
My = (c*w'y/(oF al), (18)

5 x 10-2Hz suggesting also that the detection limit of both
measuring devices (PTR-MS, LIF), causing a loss of high-and Ruc the correlation coefficient between the vertical ve-

frequency contributions as discussedbiygi et al.(2010,  locity and isoprene mixing ratio in this cas#l>; is a gen-
has no significant influence on these results. If one con£ralised correlation coefficient for the turbulent transport of

siders only the contribution from the negative part of the iSoprene variance andd; the corresponding correlation co-
ogive at 11:50 CET, the corresponding data point moves tcgfficient for the turbulent flux of isoprene.

Is~ —0.06 (see Fig4) for R;; = 2.78 x 10 *pp¥st in The “stress function’A So neither from the complete CEM
Fig. 14 and foroiso = 0.67 in Fig. 10. nor from the simplified parameterisation in EG.7( shows

If the negative part of the ogive is extrapolated to the low- @ significant correlation with/s or terms of the balance
est frequency/s becomes larger within the rangeD.095<  in Eq. (16). But M>1, as the measure for turbulent trans-

Is < —0.13 depending on the spectral dependence belowport of isoprene variance, shows some relation tg,Rid

1.5 x 10~2Hz as illustrated in Figl7. As this spectral be- hvarniso);; as presented in Fid.8. Here a simple relation to

haviour needs some assumptions, only the vadie —0.06 ~ M12 cannot be established. The smaller values of (tsa;,

is given. correspond to small values d§ (Fig. 10) and belong to
For other conditions the ogive (upper part of Fiy) ~ smaller negative or positivé/z1 (Fig. 18). Therefore iso-

shows that an estimate for the covariance, agdnay be  prene variance is vertically transported by turbulence in both

achieved even if the instruments have a time resolution ofdirections but only upwards for larger values of rVso);;.
only about 0.06-0.2 Hz. This agrees with the finding that upward-directed flux is re-

lated also to higher isoprene variance, and downdrafts are
characterized by smaller valuesgfor nvar1SO);. A typ-

ical sweep ejection cycle, as often discussed in the litera-
ture (see discussion iKatul et al, 1997, cannot be sim-

ply established for chemical compounds in this data set. The
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Figure 18. The correlation coefficient/»; (see Eq17) as a func- Figure 19. The intensity of segregation as a function of TKE.
tion of the two dominant terms nudso); s and REg in the diag-

nostic equation to determing (Eq. 16).

flux conditions are not identical to the homogeneous isoprene
behaviour for RE is comparable as both terms are domi- flux distribution in this model calculation. For this purpose
nant and, therefore, are correlated to each other (Supplemenne has to choose the case HOR £ —0.07) for further

Fig. S34). comparison.
Their finding suggests that one should obsdk/mcreas-
6.2 Forced and free convective mixing ing with TKE and with BP otH respectivelyH, itself. These

relations between's and TKE respectively BP from the

During the measuring period of 25 July 2003 (day 206) of ECHO measuring period (25 July 2003, 09:00-15:00 CET)
ECHO 2003, the stratification varied between slightly stableare presented in Figd9 and 20. Indeed, the largest val-
to unstable conditions with a change from mechanically in-ues forIs are found for the largest values of TKE and BP,
duced turbulence to nearly free convective conditions. Thisbut — as discussed before (Se&8.2 — are for smaller val-
allows the comparison of the results from this field study to ues significantly modified by the influence of the chemical
model results. state of the reactant mixture. Therefore two data points with

RecentlyOuwersloot et al(2011) showed that in a region TKE > 0.85n?s 2 havels < —0.03 because they are for the
with an inhomogeneous distribution of surface sensible heamorning hours with larger mixing ratios of NQvhich are
fluxes H and, therefore, surface buoyancy fll and iso-  conditions with lower mean percentage of OH reactivity re-
prene emission fluxes, the segregation intensity for the related to isoprene as given in Figgand Tabled and2. These
action between isoprene and OH can increase with increagesults also belong to the data points in the blue circle in
ing differencesA H, between a cooler forest and a warmer Fig. 4 between/s and mean OH mixing ratio. Two other data
savanna-type area. This situation is qualitatively comparapoints with Is= —0.06 andIs= —0.057 are for the low-
ble to the Jiilich site as the deciduous forest is surrounde@st NQ mixing ratio and for TKE< 0.5nm?s 2, reflecting
by urbanised area with buildings of the research centre anthe possible variability by influences of chemistry and turbu-
agricultural areas being dryer and, therefore, warmer than théent transport and mixing. Note that for these two points the
forest canopy. Their results also point towards an increase iffriction velocity u.. is significantly lower than the convective
the turbulent kinetic energy (TKE) and also buoyant produc-scale velocityw,. This hints towards a significant contribu-
tion BP — a term in the TKE balance — with increasitv@, tion of convection to vertical transport for both cases as can
and evenH, itself. In their Fig. 13 they show a case with be seen for the relation betwedg and H respectively BP
Is~ —0.195 for AH, =0 and obviously a mean surface in Fig. 20. If these aspects are considerég,increases on
kinematic heat flux off = 0.15Kms™L. But for their case  average with increasing TKE in the range where chemical
with A H, = 0 still differences in isoprene emission fluxes isoprene removal is influenced by concurrent reactants (e.g.
(0.7 ppb ms?) are computed. Therefore homogeneous heatf < 0.9, Sect2.3) up to about/s ~ —0.04. Larger values of
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cov(w,T) [ms™ K] Also the dependence of the correlation coefficignts a

010 -0.05 000 005 010 015 020 function of the mean reaction ratg x ISO x OH given in

0.02 = pmbgg—! L L : Fig.7 can be compared to results ®ywersloot et al(2011).
0.00 10 min averaging time L ; They reported that the correlation coefficient increases with
0.02 oA I increasing reaction rate. The ECHO 2003 data have a maxi-

SO RS N PEA AT Scal - N ! mum ofk;; x ISOx OH ~ 6.9x 10~4ppb s°* (Fig. 7), which
-0.04 oy . i is somewhat larger than given Buwersloot et al(2011) in
-0.06 ol 2 I their Fig. 4. Their corresponding correlation coefficient given

5 -008 ] . - Lo ?") near the surface is significantly larger but for mean mixing
@ ] g\& 9 b) ratios of OH about one-third of the ECHO 2003 data and
L 010 [ about a 3-fold mixing ratio of isoprene. Note that the chemi-
F -0.12 ] & : cal regime is different with NQ< 1 ppb for the model study
0.14 4 S and NQ, > 2-3 ppb for the ECHO field study. The results of
016 ] ' Fig. 13 of Ouwersloot et al(2011) show that/s is a func-

B | tion of AH,. A comparable spatial variability aff, may be
0187 o gp T possible for ECHO 2003 because of the inhomogeneous dis-
0204 A covwT : tribution of forest areas around the main tower and the influ-
090 1.2 IHOM la)b) e i ence of buildings, roads and grassland at the Jiillich Research

2:103-1-1020-102 1-10 2-10-% 3-10° 4-10° 510 §-10- Centre (e.gAubrun et al, 2005. This type of landscape sug-
gests that the result from Sebt2that the horizontal deriva-
tions of termAy; should significantly modify RES and RE
Figure 20. The intensity of segregation as a function of buoyant in Egs. (L5—(16) to achieveS ~ 0 may be caused by this
production (BP) and sensible heat flék. The dotted circle and influence of inhomogeneous distributed sources of heat and
the data points labelleth) and (b) indicates the range of results isoprene, which are also modified by cloud-driven convec-
presented bpuwersloot et al2011) and are explainedin Se€.2  tjon and an inhomogeneous distribution of radiation fluxes.

buoyant production (BP) [m? s3]

] ) 6.3 Damkohler number dependence
Is are in the range witly > 0.75 wherels becomes nearly
independent of TKE. o _ Some authors related the effective rates of second-order
As for TKE comparable findings are obtained figras a  chemical reactions and also the segregation interfsityp
function of BP (Fig20). The data points for low N©mixing specific Damkéhler numbe®ac of specific compounds;.
ratios — as also found for the TKEs—relation —are mainly  For the situation during ECHO 2003, the only available study
in a range BP- 3 x 10-°m?s~2 and|/s| > 0.04. at least for a qualitative comparison of the dependence of
The behaviour of-Is as a function of BP shows an ;. on pg is from Patton et al(2001). Their results from
increase of—Is for BP>3.0x 10°m?s™%, if two data 5 | ES modelling study are for a forest with a compara-
points with /s=—0.078 and BP=11x10°m?*s™® and  pje |eaf area index and canopy height=20m (ECHO:

Is=—0.079 and BR=2.4x 10~°m’ s are neglected for j, _ 30m). For the model studyac for isoprene is de-
this consideration. This range for BP is equivalent to a senfined by Dac = & = ! x k;; x OH. Whileu, = 0.28 ms™?
u

sible heat fluxt > 0.08Kms™*, defining the conditions for i this model study the friction velocity from the field ex-

the onset of convection at canopy ta(L« > —1.0) for  periment during the considered time period is in the range
which Is > —0.04 is valid. If H, is calculated instead of 0.12<u, <0.71ms ! with a mean valuer; = 0.39ms 1
H, H, = 108 x H for H > 0.06 Kms* for this data set. (see Fig. 3 inDlugi et al, 2010. Therefore, in the field
An extrapolation of the data téf, = 0.15Kms™* yields  varied by a factor of about 6 by the influenceugf andDac
Is 2 —0.2, and a qualitative agreement with the model cal-jg not only modified byDH like in the model study batton
culations byOuwersloot et al(2011). The footprint analysis gt g|. (2001). A comparison with this model study can only
(Figs. S19-521 in the Supplement) reveals that the maxim@e performed if Okogis applied in the definition obac be-
in the amount of-Is agree also with the advection of iso- :gyse this quantity is comparable to the ]Ni@ee system as
prene from nearby emission from oaks in the south to southy,sed in their model. OH and Qidq are comparable with OH
west wind sector. mixing ratios in the model studies, e.g. abol2 £ 10~“ppb

For nearly homogeneous conditions two data points (a)or the volume averag®H, for Dac = 0.02 compared to the
and (b) can be taken from their results for conditions HOM gt5 presented in Fig. For the model studyac increases
where homogeneous emissions of isoprene are modelleﬁlnea”y with OH,, and, therefore, foDac = 0.1 a signifi-
with H, =0.15Kms"". Therefore, depending on the spa- cantly higher mixing ratio 0DH, = 6 x 10~4ppb is calcu-
tial distribution of fluxes of isoprene and hea,may differ  |ated than obtained in the field. Not only the chemical system
up to a factor of about 3. is different. The model describes free convective conditions
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with the kinematic sensible flux of 0.35 K m% also signif-  sis shows that both findings from the ECHO field study are at
icantly larger than measured in the field (F2g). least partly and qualitatively comparable to model results by
This value is estimated from their sensible heat fhHix= Patton et al(2001). Therefore, for increasing, Is increases
0.43Kms ! (page 25 ofPatton et al.2001). If we instead  with the restriction that other chemical compounds reacting
take the reported stability parameteg/L, = —0.4, their  with OH at comparable reaction rates reduce the degree of
sensible heat flux is of the order of 0.1 K misand, there- inhomogeneous mixing for the isoprene—OH reaction. The
fore, comparable to our data from the field. estimation of the contribution of isoprene @H removal —
The calculated Damkdhler numbeRs:. for the chemical expressed as Qkdq — is estimated by a relationship consid-

removal of isoprene by OH during ECHO 2003 are given ering chemical sources and sinks of OH. A facfois calcu-
in Fig. 21. A chemical plausible result is obtained only on lated and shows that the correlation betwéeand the mod-
the right part for the dependence &Bfon Da, mod With OH elledOHmog s significantly enhanced compared to measured
substituted byDHmog. Herels increases on average with in- OHmeas= OH.
creasing mixing rati@Hmog for the effective chemical sink Based on these relations used in models, the same concept
for isoprene with the exception of two data points. The rela-is independently used here to analyse the measured data. The
tion Is ~ f(Dac) seems to be different fals < —0.04 and  concept applied the balance equation for the covariance be-
Is > —0.04. Such a behaviour is also suggested by the retween isoprene and OH as a rule and allows us to further
sults given in Fig. 4 oPatton et al(200]). For a linear in-  evaluate the data. In this way, the contributions of all pro-
terpolation through zero, on average, the ECHO data yieldcesses, which are represented by different terms in this equa-
Is~ —2.7 x Da. mog for an atmosphere which is influenced tion, to the covariance — and therefore to the transport terms
by shear-driven and convective-driven turbulence roughly— can be estimated for the field data from ECHO 2003. The
separated by the line through = 0.085 K m st in Fig. 20. storage term is found to be small compared to other terms
Patton et al(200]) obtained/s~ —0.175 for Dac = 0.17 of the balance. This allows us to formulate a new diagnos-
while a comparable linear extrapolation through zero fromtic version of the balance equation also to relate turbulent
the ECHO data set yields a similar valuelgf~ —0.175 for ~ and advective transport and mixing terms (RES ang¢,RE
Dac >~ 0.065. The effective turbulent exchange process dur-and influences of chemical reactiorf () to the intensity of
ing free convective conditions is rather different comparedsegregation’s. The following analysis shows that the reac-
to shear-driven turbulences{ull, 1988. Also the applica- tion rater;; is largely dominated by the variance of isoprene
tion of the applied definition oDac ~ u;* can only be an  var(Iso);, times the quotien@_H/B_(J)xkij, which supports
estimate for convective conditions. Therefore, although thethe findings discussed above. This is the reason igtgnd
conditions in the field significantly differ from those of the R;; show a better relation to the normalised variance than to
model study Patton et al.2001), the experimental and model the variance, as earlier suggestedPatton et al(2001) and
results quantitatively agree with respect to the increase obavis (1992 (more details can be found in the Supplement).
Is with increasingDac. Formally OH is produced and de- This is probability caused by the fact that isoprene is not the
stroyed only on a local-scale witly < 0.2s. If we estimate a  only chemical sink for OH in the field study in contrast to the
mean transport timescate for that volume by the wind ve-  model studies or measurements in really remote areas.
locity components, we obtaify > 1-3 s. Thereforer. < 1, The results prove that the chemical term and the transport
and withk;; =2.3ppbrts~t and¢; ~ 1ppb one obtains a and mixing term are of nearly equal influence on the covari-
large Damkohler number for OH given by/tc = Diso> 20  ance and, therefords. Some data points show deviations
as required for a fast reacting compound. from simple relations. These are caused by dynamics differ-

ent from the general picture that isoprene is emitted at the

surface, mixed upward and reacted with locally produced OH
7 Summary as well as by possible short time deviation of facfofrom

its meanf.
The terms of the balances of mixing ratio of isoprene, the The detailed spectral analysis of the ogive;l/o_f; shows
covariancec; c¢; and the segregation intensify are com-  that a case with an apparent valie~0 is obtained
pared to each other. For the mixing ratio the storage termyt 11:50 CET by a counteracting influence of the time-
is compensated by a residuum which is mainly composedjependent positively correlated change of OH production

by the divergence of the turbulent flux as well as by (un-and isoprene emission for lower frequencies together with
known) contributions from advection because both terms Ofinhomogeneous mixing for h|gher frequencies_ If on|y the

the chemical sink are smaller. Within this chemical term theprocess of inhomogeneous mixing is considered, a value
covariance between isoprene and OH is less than 15% 0f5~ —0.06 is estimated, which corrects results earlier pub-
the product of the means of the mixing ratios. The quotientjished byDIugi et al.(2010. In general, for this field study,

of both terms, the intensity of segregatif) increases with /5 can be related to the dominant term in the chemical reac-

mean OH mixing ;) ratio as well as standard deviation of tjon term — the normalised variance of isoprene — and to the
isoprenes; and normalised variance. The further data analy-

www.atmos-chem-phys.net/14/10333/2014/ Atmos. Chem. Phys., 14, 1038362 2014



10358 R. Dlugi et al.: The balances of mixing ratios and segregation intensity (ECHO 2003)

0.02 0.02
] o 09:50 - 10:30 CET 1 o 09:50 - 10:30 CET
0.00 " e 10:40 - 13:00 CET 0.00 . e 10:40 - 13:00 CET
h e 13:10-14:00 CET e 13:10 -14:00 CET
] ° o 14:10 - 14:20 CET ] o 14:10 - 14:20 CET
-0.02 5 -0.02 5
] ° e o 1 QDoig
] . e © 1 .
-0.04 4 -0.04 4 .
o ] . ) ] .
& -0.06 * @ -0.06 ®
T ] . T E .
© .0.08 » © .0.08 *
“® L w 1 .
-0.10 J 2 -0.10 J °
-0.12 4 -0.12 4
] . ] .
-0.14 o -0.14 3 .
125 JL!| , 200 ) ) ] 25 July, 2003
110 min averaging time ] 10 min averaging time
0 0.02 0.04 006 008 0.1 012 0.14 0.16 0 002 0.04 006 008 01 0.12 0.14 0.16
Dac Dac,mod

Figure 21. Is as a function of Damkdohler numbefk: (left) andDac,,.4 (right) for the time periods from Tablésand2 with OH substituted
by modelled Ol,qq-

action of the residual terms RES or RHf their difference In addition, the absolute value @§ shows a tendency to

increases;-Is increases as well. This points towards a de-increase with increasing turbulent kinetic energy TKE and

creasing influence of concurrent chemical reaction cycles orbuoyant production BP if concurrent chemical reactions are

Is (Table2) and is an indication of a smaller relative contri- of less influence.

bution of advection compared to convective transport within  These results qualitatively agree with findings ©yw-

terms RES and RE for larger values of-Is for the condi-  ersloot et al.(2011) on an increase ofIs with increasing

tions of this field study. influence of turbulent mixing and convection. This effect can
On the one hand for a negligible influence of RES respec-only be evaluated from data for conditions when isoprene

tively RE;, one may simply estimate a maximum value of is the main sink for OH. Otherwise, if the reaction rates of

Is by the variance term nveS0);, itself with considera- concurrent chemical reactions are dominant, the segregation

tion of the reactivity of the chemical system (Tahle?). On intensity for the reaction isoprene OH is found to be equal

the other handls can approach small values, although reac-to or belowls = —0.04.

tion conditions suggedt > —0.04, only by the influence of If the Damkohler numberDa; is applied to describe

RE;. the reaction by the influence of shear-driven turbulence,
Within this framework the processes influencing the termsan increase ofls| with increasingDac mod is found. This

nvarlSO);; and RE, remain undefined. Therefore a differ- finding only qualitatively agrees with model results by

ent additional analysis to find out at least physical parametePatton et al(2001) because mixing conditions and chemical

controlling exchange and mixing and revealing some relationconditions from the field are different.

to Isis performed. In addition, if measurements were performed with a
An indicator ASg for the amount of appearance and in- smaller time resolution of about 0.06-0.2 Hz our analysis of

fluence of coherent eddies on the flux of isoprene shows nahe ogives (Secbk.3.4 shows that estimates & can still be

clear relation td's or other terms of its balance. But a relation achieved to compare to other results from the field and model

between the correlation coefficient for the turbulent transportstudies.

of isoprene variancé/,1 is found with the normalised vari-

ance of isoprene nvdBS0);, itself as well as the residuum

RE;. This hints towards the influence of turbulent transport

of isoprene variance on the residual term; RE
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Appendix A

Table Al. List of symbols.

index!, k
indexi
index j
indexis
Ck

k

¢ =ck—Ck
kik

kij

#c}
w’c,’(

Tij

Is

Ok

o; =o(ISO)

0j =0(0OH)

O [ Ck o
var(ISO)=o? = ¢ 2
var(OH)=oj2 = c/j2
nvar(ISO)=o?/c?
nvar(OH):ojz/cJZ.
A So

My

Mo

Rwe

TKE

BP

Dac = 1t/7¢
(Damkdhler number)
Usx

Wi

RES

RE;s

representing any chemical compound, i.e. Egs. (1)—(4)
representing isoprene (ISO), i.e. Eq. (2)

representing OH radical (OH), i.e. Egs. (1) and (3)—(4)

term which belongs to diagnostic equation fgr

mixing ratio of compound

mean mixing ratio of compound

deviation from mean mixing ratio

reaction rate constant for reaction between compouadsik
reaction rate constant for reaction between isoprene and OH

covariance between reactants by turbulent fluctuations of both compoandg

turbulent vertical flux for chemical compourkd

correlation coefficient between turbulent fluctuations of compoursehel j
segregation intensity as defined in Eq. (7)

standard deviation of compoutd

standard deviation of isoprene

standard deviation of OH

normalised standard deviation of compound

variance of turbulent isoprene fluctuations
variance of turbulent OH fluctuations

normalised variance of turbulent isoprene fluctuations
normalised variance of turbulent OH fluctuations
“stress function” in Eq. (17)
generalized correlation coefficient for turbulent transport of isoprene variance (Eq. 17)
generalized correlation coefficient for turbulent transport of the turbulent flux of isoprene
correlation coefficient between the turbulent fluctuations of vertical velocity and isoprene mixing ratio
turbulent kinetic energy [fs2]
buoyant production [fs 3]
quotient between characteristic timescales of turbulent or convective (Introduction, Sect. 6.3)
mixingt and specific chemical reaction timg
friction velocity [m s3]
convective velocity scale [nT4]
residual term in Egs. (13) and (15) which describes the influence of advective and turbulent interaction
of the flow and the reactant
normalised residual RES in Eq. (16)
chemical reaction term in Eq. (9)
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