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Variability-lifetime relationship for organic trace gases' 
A novel aid to compound identification and estimation 
of He concentrations 

J. Williams, H. Fischer, G. W. Harris, • P. J. Crutzen, and P. Hoer 
Max Planck Institute for Chemistry, Mainz, Germany 

A. Hansel, R. Holzingcr, 2 C. Warneke, 3 and W. Lindinger 
Institute for Ionphysics, Innsbruck University, Innsbruck, Austria 

B. Scheeren and J. Lelieveld 

Institute for Marine and Atmospheric Research, Utrecht University, Utrecht, Netherlands 

Abstract. In this study we report aircraft-borne measurements of organic species made 
during March 1998 in Surinam, an unpolluted region on the northeast coast of South 
America Measurements included the following: CO by tunable diode laser; a wide variety 
of organics including acetone, acetonitrile, and isoprene by proton transfer mass 
spectrometry (PTR-MS); and nonmethane hydrocarbon measurements by gas 
chromatography-flame ionization detection. }Icrc we compare the standard deviation of 
the natural logarithm of the mixing ratio (Sigma_lnX) to the estimated lifetime of these 
species. This relationship has been used to support identification of masses measured by 
the PTR-MS; ascertain the consistency and quality of hydrocarbon measurement data; and 
to provide information concerning sinks of important trace species. A selection of the data 
is used to indirectly determine an average He c{mccntration of 2.0 x 10 • molecules cm • 
along the back trajectory for air encountered during the Large-Scale Biosphere- 
Atmosphere Experiment in Amazonia-Cooperative LBA Airborne Regional Experiment 
(LBA-CLAIRE) measurement camp•tign between 0-1 km {)vet tl•c tropical rain f•-•rest. 
The lower than cx10ccted He co•cenlration derived c{>t•lct have boon caused by signiticant 
atmospheric or occa•ic ph(•lochemical produclion {•f acelone anti MEK along the back 
trajectory. 

1. Introduction 

The northeast of South America, including Surinam (2.5 •'- 
6øN, 54ø-57øW) is a very favorable region to study the effects of 
tropical forest emissions on atmospheric chemistry (see Plate 
1). Marilimc air masses, depleted in forest hydrocarbons, enter 
the region with the NNE trades at wind speeds of 5-10 m s • 
toward the Intertropical Convergence Zonc (1TCZ). which 
during March was mostly located south of Surinam between 
2øS and IøN. South of 5.5øN the country is almost entirely 
covered by rain forest (see Plate 1). During the passage of the 
air over the forests, primary. organic emissions and their oxi- 
dation products accumulate in the boundary layer. 

Here we present measurements of organic species made 
over the tropical vegetation in Surinam which forms the north- 
ern part of the Amazon rain forest. The measurements de- 
scribed were obtained with three independent instruments: a 
tunable diode laser (TDL); a proton transfer mass spectrom- 
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ctcr (PTR-MS), and a gas chromatograph equipped with a 
flame ionizalion detector (GC-FID). The TDL made mcasurc- 
InChiS of CO at I Hz fi'cqucncy. The PTR-MS provided mea- 
surements of approximately 10 selected gases every 12-20 s 
(scc experimental section), and the GC-FID system was used 
to analyse the 1{t pressurized canisters collected per flight for 
nonmethane hydrocarbons (NMHCs). 

The instrumc•ts were flown on a Cessna-Citation II twin-jet 
aircraft capablc of covering the entire country of Surinam. Ten 
flights of approximately 3.5 hours duration were made during 
the campaign. Detailed studies of the spatial and temporal 
distribution of acetone, isoprene, and other trace species de- 
tected during Large-Scale Biosphere-Atmosphere Experiment 
in Amazonia-Cooperative LBA Airborne Regional Experi- 
ment (LBA-CLAIRE) campaign have been reported by POschl 
e! al. [20001. Warneke e! a/. [2000], and Williams et al. [2000, 
also Influence of the tropical rain forest on atmospheric CO 
and CO• as measured by aircraft over Surinam, South Amer- 
ica, submitted to Chemosphere, 2000, hereinafter referred to as 
Williams et al., submitted manuscript, 2000]. Here we exploit 
the high sampling frequency of the PTR-MS and TDL instru- 
ments in concert with the highly specific measurements of the 
GC-FID to studv the relationship between variability and life- 
time in the rain forest boundary layer. As has been previously 
reported, variability-lifetime plots can be used to assess data 
set quality, the presence of halogen radicals, and the remote- 
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Plate 1. Map of the campaign location. Areas south of 5.5øN are almost entirely rain forest, whereas to the 
north on the coast there are several small towns and mangrove swamp. The prevailing wind from the surface 
to 2.5 km was northeasterly, toward the ITCZ. 

ness of the measurement location [Jobson et al., 1994, 1998, 
1999]. Here we extend the utility of such a treatment to provide 
supporting evidence for the identification of mass signals from 
the PTR-MS and to develop a new method for deriving the 
average HO concentration of the sampled air, along its back 
trajectory since encountering a source. 

2. Experimental Methods 
2.1. PTR-MS 

The proton transfer mass spectrometer (PTR-MS) has al- 
ready been used in a variety of ground-based applications 
[Jordan et al., 1995; Lindinger and Hansel, 1997; Taucher et al., 

1996; Warneke et al., 1996] and has been described in detail 
elsewhere [Lindinger et al., 1998; Hansel et al., 1995]. The 
instrument allows simultaneous, high-frequency measurements 
of all gases with proton affinities larger than that of H20, 166.5 
kcal/mol- •. An aircraft version of this instrument was flown for 
the first time in March 1998 as part of the LBA/CLAIRE field 
campaign. 

Since the PTR-MS does not detect compounds with a proton 
affinity below 166.5 kcal mol -•, interferences by the major 
atmospheric constituents N2, 02, Ar, and CO2 are excluded. 
The exoergicities between H3 O+ and trace components in the 
PTR-MS instrument are rather small compared to other ioni- 
sation techniques; hence the protonation does not generally 
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cause the molecule to fragment so that most of the trace 
species analysed are detected at one mass unit greater than the 
molecular mass, thus facilitating identification [Williams et al., 
2000]. A great advantage of the PTR-MS is that it allows 
simultaneous, high-frequency measurements; however, a dis- 
advantage of the PTR-MS system is that several ambient gases 
can contribute to the same mass. For example, the isoprene 
degradation products methyl vinyl ketone and methacrolein 
produce a signal at mass 71. Also, the structural isomers pro- 
panone (acetone) and propanal (propaldehyde), and glyoxal 
are indistinguishable from each other by this technique as they 
are all detected at mass 59 after protonation. In the laboratory 
a number of techniques have been employed to distinguish 
between ionic components of the same mass [Hansel et al., 
1995]. Varying the drift tube electric field can specifically iden- 
tify water clusters from certain ions; a consideration of isotopic 
abundances can on occasion allow structural deduction; and 
H30+ pulsing can in some cases distinguish between species by 
differential detection times. Such techniques are, however, not 
practicable in an airborne experiment where aircraft time is 
limited and where the spatial variability of compounds is high. 
In this case the major contributors to a given mass must be 
elucidated through comparison with results obtained with 
other techniques in similar environments, knowledge about 
expected intermediates in the major oxidation processes, 
model simulations, observed variations with altitude, and de- 
pendence on time of day and travel time from the Atlantic 
coast. It was in most cases possible to identify likely candidates 
for the mass peaks measured [Williams et al., 2000]. The data 
treatment described below gives supporting evidence to the 
mass identification as described below. 

Optimization of the PTR-MS technique for airborne mea- 
surement resulted in detection limits for most species of ap- 
proximately 300 pmol/mol (1 pmol/mol is 1 parts per trillion by 
volume (pptv) in U.S. units). While airborne, the PTR-MS 
measured a small number of selected masses (about 10 masses 
for every 12-20 s). The statistical scatter of the data is typically 
+10% at volume mixing ratios larger than 5 nmol/mol and 
+30% at 1 nmol/mol (1 nmol/mol is 1 ppbv in U.S. units). The 
errors in the absolute values are within 30%. 

In the present study we use PTR-MS measurements of mass 
33 (methanol, CH3OH), mass 42 (acetonitrile, CH3CN), mass 
45 (acetaldehyde, CH3CHO ), mass 59 (acetone, CH3COCH3), 
mass 63 (dimethylsulfide, CH3SCH3), mass 69 (isoprene, 
CsHs), mass 71 (methacrolein/methyl vinyl ketone, C4H70), 
mass 73 (methyl ethyl ketone, CH3CH3COCH3), and mass 75 
(hydroxyacetone, CH3COCH2OH ). A detailed explanantion 
for the identification of these mass signals in this experiment is 
given by [Williams et al., 2000]. 

2.2. TDL 

A tunable diode laser absorption spectrometer (TDLAS) 
was used to determine ambient CO mixing ratios. The system 
applied was specifically designed for airborne trace gas mea- 
surements. CO was detected with an integration period of 1 s 
with a precision of _+2% (lcr) and a calibration accuracy of 
2.8% during the 10 measurement flights performed during the 
LBA-CLAIRE campaign. The instrument design has been de- 
scribed in detail elsewhere [Wienhold et al., 1998]. 

2.3. GC-FID 

Air samples are collected in electropolished stainless steel 
canisters (manufactured by the Max Planck Institute for 

Chemistry). In flight the canisters are flushed for 1 min before 
being pressurized to 3 atm by means of a stainless steel metal 
bellows pump. The sampling system has been described else- 
where [Lelieveld et al., 1999] and therefore is only briefly sum- 
marized below. The air samples were analyzed for C2-C 7 hy- 
drocarbons using a HP 6890 gas chromatograph fitted with a 
flame ionization detector. Separation was effected using a 50 m 
x 0.32 mm Silica porous layer open tubular (PLOT) column, 
A1203/KC1, (Chrompack; 60 m x 0.53 mm). 1000 mL samples 
were preconcentrated in a cryogenic trap prior to injection. 
The total uncertainty was defined as the sum of the precision 
of the analysis and the absolute accuracy of the calibration gas, 
as certified by the supplier. The accuracy for the NMHC stan- 
dard gas is 3%. Detection limit of the analysis is 15 pmol/mol 
for all compounds. The precisions for compounds above 15 
pmol/mol are as follows: for ethane, 4%; acetylene, 11%; pro- 
pane, 5%; i-butane, 15%; n-butane, 7%; i-pentane, 25%; n- 
pentane, 9%; benzene, 6%; toluene, 7%. 

3. Results 

A preliminary assessment of the data sets generated from 
each instrument during the LBA-CLAIRE campaign was 
made using a cumulative Gaussian distribution plot. Examples 
of such plots are shown in Figure 1 for CO, acetone, ethane, 
i-pentane, benzene, and methanol. A straight line on this slope 
indicates that the data have a Gaussian distribution. However, 
both measurements and instrumental noise can have such a 

distribution. Deviations from the straight line are expected in 
the case of stochastic events exemplified by the CO and ben- 
zene plots whose highest concentrations are associated with 
the crossing of a high-altitude biomass burning plume (Wil- 
liams et al., submitted manuscript, 2000). An unusual distribu- 
tion is also observed when analytical errors such as chromato- 
graphic peak splitting occasionally occur. The whole peak is 
not always integrated (e.g., ethane); and the distribution then 
appears divided into two distinct sections. Moreover, when the 
chromatographic peaks integrated are below the detection 
limit of the system, then integration of the background at that 
retention time repeatedly yields the same value distorting the 
plot, for example, i-pentane. Despite identification of the 
aforementioned measurement problems with some elements 
of the data set, we have used the data as given in the following 
study and highlight how variability lifetime relationships for a 
campaign data set can be used to highlight the erroneous data 
as well aiding identification of masses by the PTR-MS and 
derive semiempirical HO concentrations. 

3.1. Variability 

For a large measurement data set we can assess the variabil- 
ity of a species by examining the standard deviation of the 
measurement. The mLxing ratios measured and the calculated 
variability in a given region can be understood in terms of the 
source sink paradigm. Intuitively, we expect to observe most 
variability from species that are most rapidly removed from the 
atmosphere, whose inhomogeneous sources are nearby or 
whose sources vary greatly with time. The overall rate of re- 
moval of species from the atmosphere is dependent on the 
chemical nature of the species, and may include contributions 
from the reaction with HO radicals, photolysis, and heteroge- 
neous processes. This concept was first explored for the global 
distribution of long-lived atmospheric species by Junge [1974], 
who determined that the relative standard deviation (standard 



20,476 WILLIAMS ET AL.: VARIABILITY-LIFETIME RELATIONSHIP 

95 

.0 90 

..O 80 

• 70 

"0 50 
0 

-,-, 30 

(D 20 

(D 10 

, ++ 

I I I I I I 

0 1000 2000 3000 4000 5000 6000 

Acetone (pmol/mol) 

• 90 

ß • 70 
i• 50 
.,-, 30 

(D 20 

(D 10 
13_ 5 

150 200 250 300 350 400 

CO (nmol/mol) 

95 

.0 90 

..Q 80 

ß ,-, 70 

"0 50 
0 
-,-, 30 

(1) 20 

(1) 10 

5 10 15 20 25 30 

i-Pentane (nmol/mol) 

99 

95 

.0 90 

..Q 80 

ß ,-, 70 

"0 50 

-,-, 30 
(.- 
(1) 20 

(1) 10 

5 

I I I I 

20 40 60 80 

Benzene (pmol/mol) 

i 

lOO 

95 

.0 90 

..O 80 

ß ,-, 70 

"0 50 
0 

-,-, 30 

(1) 20 

(1) 10 

5 

,-4- 

95 

.0 90 

..Q 80 

ß ,-, 70 

"0 50 
0 
-,-, 30 

(1) 20 

(1) 10 

5 

600 700 800 900 1000 11 O0 600 800 1000 1200 1400 

Ethane (pmol/mol) Methanol (pmol/mol) 

Figure 1. The cumulative Gaussian distribution plots for acetone, CO, benzene, i-pentane, ethane, and 
methanol for the LBA-CLAIRE campaign are shown. 
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Figure 2. Sigma_In(X) against lifetime in days for 20 species. Only data between 0-1 km in altitude and 
south of 5.5øN latitude are included. CO was measured by tunable diode laser. Ethane, propane, acetylene, 
i-butane, n-butane, i-pentane, n-butane, benzene, and toluene were measured by GC-FID, and all other 
species presented were determined by the PTR-MS. Acetone and MEK are highlighted with a cross. 

deviation divided by the mean concentration) was inversely 
proportional to the residence time in years. This inverse de- 
pendency on lifetime has been reproduced in model studies by 
Hamrud [1983], who concluded that the spatial relation be- 
tween sources and sinks strongly influences trace gas spatial 
variability, with the ?- • dependency only being approached for 
very long-lived species. Jobson et al. [1998] extended studies of 
the variability-lifetime relationship to nonmethane hydrocar- 
bons on a regional scale. They report empirical relationships 
between the measured variability and the HO lifetime for 
hydrocarbons and halocarbons for a wide range of data sets 
[Jobson et al., 1999, 1998]. The aforementioned works intro- 
duce the standard deviation in the natural logarithm of the 
mixing ratio, Sigma_In(X), as a more tractable assessment of 
variability for short-lived gases. This relationship was given as 

Sigma_In(X) = A ? •' 

where ? is the lifetime andA is a fitting parameter determined 
in the regression. The exponent b has a value between 0 and 1, 
being an indicator of the relative strength of sink terms and 
turbulent mixing upwind of the measurement location. Jobson 
et al. [1999] used Sigma_In(X) instead of the relative standard 
deviation to consider the statistics of an exponentially decaying 
function sampled over a finite period. In the limit of small 
variability (long chemical lifetimes), Sigma_In(X) equals the 
relative standard deviation [Jobson et al., 1998], but at high 
variability (small chemical lifetimes), Sigma_In(X) gives much 
simpler behavior. Recently, Ehhalt et al. [1998] used a three- 
dimensional tracer model to study variability-lifetime relation- 
ships. Their conclusions are similar to the results of the studies 
performed by Jobson et al. [1999, 1998]; in particular, they 
found the dependence on ? to vary with geographical location. 
Within their model, proximity to continental sources produced 
a weaker ? dependence than remote oceanic environments. On 
a regional basis their model predicts a much weaker lifetime 
dependency than the inverse relationship predicted by Junge 
[1974]. In general, examination of derived trends for variabil- 
ity-lifetime relationships provides insights into the hydrocar- 
bon data set quality, the remoteness of the location from 
sources, and into general atmospheric processing. 

A plot of Sigma_In(X) against lifetime for 20 species mea- 
sured during the LBA-CLAIRE campaign is shown in Figure 
2. Only data between 0-1 km in altitude and 1ø-5.5øN latitude 
are included. Areas south of 5.5øN are almost entirely rain 
forest, whereas to the north on the coast there are a few small 
towns and mangrove swamp. Air in the "mixed layer" between 
0-1 km has been advected from over the Atlantic Ocean by the 
northeasterly trade winds and is expected to be well mixed and 
in contact with the forest. All rate data used are given in Table 
1. The diurnal average HO concentration used in this plot is 
5 x 105 molecules cm-3 which is in accordance with estimates 

made by Crutzen et al. [1985]. HO reaction rate coefficients are 
taken where possible from recommendations of the most re- 
cent literature reviews. Photolysis rates were calculated with an 
updated version of the radiation model of Brt;ihl and Crutzen 
[1989], and one quarter of the noontime maximum value is 
taken as the diurnal average photolysis rate. 

A general trend from highly variable short-lived compounds 
to less variable long-lived compounds is observable in some of 
the data. The points corresponding to methyl ethyl ketone, 
acetone, methanol, benzene, propane, ethane, acetylene, and 
CO (solid circles) as well as toluene and hydroxyacetone are 
correlated and show an inverse dependence of variability with 
lifetime. Showing the same trend but lying away from the line 
are n-pentane, n-butane, and i-butane (open circles), while 
acetonitrile (star) does not fit with the general trend at all. 
Measured compounds with lifetimes under 2 days, isoprene, 
acetaldehyde, and methacrolein/methyl vinyl ketone (open 
squares), appear not to fit with the trend and show less vari- 
ability than would be expected for molecules with such short 
lifetimes according to the trend in the species denoted with 
solid circles. 

The fact that such a trend can be seen is most interesting. 
The data are from three separate instruments, for molecules 
with a variety of chemical characteristics, and are taken over a 
wide geographical domain. A good fit to this treatment has 
been suggested as indicative that the sampling site is remote 
and that the influence of local sources is small [Jobson et al., 
1998]. This is clearly not the case over a tropical rain forest 
where a wide variety of compounds can be emitted [Kesselmeier 
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Table 1. Photolysis and HO Removal Rates Used in This Study 

Measured HO Reaction Rate, a 
Species Instrument cm 3 molecule s-1 

Photolysis 
Rate, b 

S-1 

Mass 33 (methanol) PTR-MS 
Mass 42 (acetonitrile) PTR-MS 
Mass 45 (acetaldehyde) PTR-MS 
Mass 59 (acetone) PTR-MS 
Mass 63 (DMS) PTR-MS 
Mass 69 (isoprene) PTR-MS 
Mass 71 (MVK and PTR-MS 

MACR) c 

8.95 X 10 -13 [Demore et al., 1997] 
2.16 x 10 -14 [Atkinson et al., 1997] 
1.63 x 10 -11 [Baulch et al., 1982] 
1.90 x 10 -13 [Le Calve e! al., 1998] 
5.37 x 10 -12 [Turnipseed et al., 1996] 
1.01 x 10 -1ø [Atkinson et al., 1986] 
1.22 x 10 -11 [Gierczak e! al., 1997] 

PTR-MS 

Mass 73 (MEK) PTR-MS 
Mass 75 (hydroxyacetone) PTR-MS 
Mass 101 (isoprene PTR-MS 

hydroperoxides) e 
Ethane GC-FID 2.49 X 10 -13 
Propane GC-FID 1.11 x 10 -12 
Acetylene GC-FID 8.15 X 10 -13 
n-Butane GC-FID 2.39 x 10 -12 
i-Butane GC-FID 2.13 x 10 -12 
n-Pentane GC-FID 3.85 x 10 -12 
i-Pentane GC-FID 3.90 x 10 -12 
Toluene GC-FID 6.19 x 10 -12 
Benzene GC-FID 1.28 x 10 -12 
CO TDL 2.40 X 10 -13 

2.76 x 10 -1• [Gierczak et al., 1997] 
9.72 x 10 -13 [Le Calve et al., 1998] 
3.00 x 10 -12 [Atkinson et al., 1997] 
9.08 x 10 -1• [Jenkin e! al., 1997] 

Atkinson et al., 1997] 
Atkinson et al., 1997] 
Atkinson, 1989] 
Donahue et al., 1998 
Donahue et al., 1998' 
Donahue et al., 1998 
Atkinson et al., 1986 
Atkinson et al., 1986' 
Atkinson et al., 1986' 
Demote et al., 1997] 

NA 

NA 

6.07 x 10 -6 
8.01 X 10 -7 

NA 

NA 

3.24 X 10 -6 

5.14 x 10 -6 
8.01 X 10 -7 d 

NA 

5.76 X 10 -6 f 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA, not applicable. 
•,. aAll rates used are at 298 K and 1000 mbar, conditions which approximate those of the Surinam boundary layer. 

bThe average noontime photolysis rate between 5ø-35øN in March from the photolysis model of Brahl and Crutzen [1989]. These data include 
the effect of clouds which are incorporated into the global photolysis scheme from a standard cloud atlas; tropopause is fixed at 98 mbar. One 
quarter of these values is taken in this study for the diurnal average photolysis rate. 

cphotolysis and HO rates were calculated for mass 71 based on the relative product yields by Tuazon and Atkinson [1990]. 
dphotolysis rate calculated as acetone. 
eThe rate used is the average of the rates from the four isomers detailed in the Master Chemical Mechanism (MCM). 
fPhotolysis rate calculated as CH3OOH. 

and Staudt, 1999]. The interpretation of these analyses must 
therefore be reexamined. 

A number of the molecules contained within the general 
trend are for the most part not directly emitted from the rain 
forest but from remote sources and brought to Surinam via the 
northeasterly trade winds. These molecules include acetylene, 
benzene, propane, ethane, and CO. After emission, they are 
advected toward Surinam and en route are depleted through 
their reaction with the HO radical, although to a small extent 
CO is also produced more locally from hydrocarbon photo- 
chemical decomposition (Williams et al., submitted manu- 
script, 2000). As they pass through the measurement domain, 
defined as 1 km high and from 1 ø to 5.5øN over Surinam, they 
are also removed by reaction with HO. Transport through the 
measurement domain takes approximately 1 day. The variabil- 
ity observed in the mixing ratios of the aforementioned species, 
determined throughout the measurement domain, is inversely 
related to lifetime. This behavior indicates that the measure- 

ment domain is remote from the sources of these species ac- 
cording to the interpretation of Jobson et al. [1998]. However, 
also within this trend are the molecules acetone, methyl ethyl 
ketone, methanol, and hydroxyacetone. Acetone is emitted 
from living and decaying plant matter [Kirstine et al., 1998; 
Warneke et al., 1999], methyl ethyl ketone has been reported 
from living and freshly cut grass [Kirstine et al., 1998; de Gouw 
et al., 1999], methanol is emitted from decaying biomass 
[Warneke et al., 1999], and hydroxyacetone is a photooxidation 
product of isoprene. 

The molecules n-butane, i-butane, n-pentane, i-pentane, and 

dimethyl sulfide (DMS) appear to show a similar but offset 
trend to that discussed above. A closer examination of the 

alkane data, using a Gaussian cumulative distribution plot, 
shown in Figure 1, revealed in each case a high incidence of 
certain mixing ratios, indicating that the instrument was oper- 
ating close to or at its detection limit. We conclude that for 
these four species the chromatographic peak integration was 
being performed on the instrument background. The back- 
ground signal shows little variability, and the small concentra- 
tions repeatedly calculated from background integration serve 
to suppress the apparent variability of these species. The rea- 
son why the pentanes and butanes all lie on a parallel trend 
with a seemingly constant offset is that the sources of these 
compounds are highly correlated and approximately the same 
fraction of these compounds lie below the detection limit of 
the GC system. The variability is therefore "artificially" re- 
duced by the same amount. Although toluene lies on general 
trend, closer inspection of the data provided show this to be 
merely coincidental. The toluene peak in the GC analysis is 
well resolved, and no evidence of a neighboring interferrent 
peak has been noted. However, a small number of elevated 
values of toluene were found to give rise to the high variability. 
These are not correlated with increases in other hydrocarbons. 
Toluene has been recently reported as an emission from cer- 
tain plant species, most strongly when plant wounding has 
occurred [Heiden et al., 1999]. To induce such variability in the 
measurements, emission would have to be restricted to certain 
areas. Observers on board the aircraft reported only homoge- 
nous rain forest in the regions flown. It is therefore concluded 
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Table 2. Relative Contribution to Variability Compared to Instrumental Precision for Nine Equispaced Sources 

Source Cumulative Percent Precision 
Number Fraction to Detect Source 

Instrument 4-Day Lifetime 
Precision Time Between 

Limits, % Sources 

Distance, km Distance, km Distance, km 
Wind Speed5ms -• Wind Speed5ms -• Wind Speed5ms -• 

4-Day Lifetime 40-Day Lifetime 2-Day Lifetime 

1 0.6321 36.9 4 1,728 17,280 432 
2 0.8646 13.5 8 3,456 34,560 864 
3 0.9502 4.98 5 12 5,184 51,840 1,296 
4 0.9817 1.83 16 6,912 69,120 1,728 
5 0.9933 0.67 1 20 8,640 86,400 2,160 
6 0.9975 0.25 24 10,368 103,680 2,592 
7 0.9991 0.09 0.1 28 12,096 120,960 3,024 
8 0.9997 0.03 32 13,824 138,240 3,456 
9 0.9999 0.01 0.01 36 15,552 155,520 3,888 

continental global regional 

Assuming a constant 5 m s- • wind shows species with 2, 4, and 40 day lifetimes to be influenced by sources on a regional, continental, and global 
scale. 

that the high concentrations of toluene measured in four can- 
isters, which give rise to the high variability, result from a 
system artifact or contamination rather than a genuine atmo- 
spheric process. When the suspect canisters are removed from 
the study, the calculated variability falls well below the general 
trend as many of the measurements lie below the detection 
limit and quantized mixing ratios, similar to the butanes and 
pentanes, are seen in the data. The presence of toluene within 
the trend was due to the effects of variability enhancement due 
to contamination and variability suppression due to values 
below the detection limit cancelling out. Chromatographic 
problems were also found for ethane which was found to be an 
outlier above the general trend when used to derive HO con- 
centrations by the method described below. Occasional split- 
ting of the ethane peak, possibly caused by the absence of a 
COg trap in the system, and incorrect integration artificially 
enhanced the measured variability. Such cases show the utility 
of this data treatment as a quality check on hydrocarbon data 
sets, a technique that was first exploited by Jobson et al. [1998]. 
Owing to these measurement problems, the toluene and 
ethane data were not used in this study. 

Deviation of DMS from the trend cannot be explained in the 
same way as the outlying alkanes. However, in the case of 
DMS, the lifetime of the species in this study may have been 
overestimated as the reaction of ozone has not been included. 

This would reduce the lifetime and may cause DMS to behave 
similarly to the short-lived compounds isoprene, acetaldehyde, 
and MACR + MVK which all lie below the trend line. In this 

study the molecules with lifetimes less than 2 days show a 
variability which is less than that expected by the general trend. 
A suppressed variability for species with lifetimes less than 5 
days has also been reported for compounds measured in can- 
isters [Jobson et al., 1998]. 

We can understand this observation by considering simple 
models for the variability concept. The first is simply a source 
and a point of measurement. Emissions from the continually 
emitting source can take a variety of travel times to reach the 
point of measurement, each of which will result in differing 
extents of chemical depletion. Assuming that the compounds 
decay exponentially after being emitted and provided that the 
mixing ratio of the chemical species in question does not re- 
duce to below the instrument detection limit, and that the 
source is not so proximate as to prevent a range of air ages 
being sampled, then the variability of the species at the point of 
measurement will be inversely proportional to the lifetime. We 

now consider the case of a line of sources each continuously 
emitting a species, and a detector some distance from but in 
line with the sources. Assuming a constant wind along the 
sources and a distance equivalent to one lifetime of the species 
between each source, the cumulative contribution to the mea- 
sured concentration is given for each source in Table 2. From 
this cumulative contribution the instrumental precision re- 
quired for detection of the contribution emitted from each 
source can be calculated. Assuming an instrumental precision 
of 1%, then we calculate that the variability is sensitive to 
sources distant up to between 4 and 5 lifetimes of the species 
(see Table 2). For a species with a lifetime of 4 days (e.g., 
pentane) and assuming a constant 5 m s-• wind speed, then we 
estimate that the variability of this species can be affected by 
sources over 7000 km distant from the detector, equivalent to 
the size of a continent. For species with longer lifetimes the 
distance equivalent to 5 lifetimes encompasses the entire globe 
meaning that the variability of such species can, theoretically, 
be affected by all sources within the hemisphere. Measure- 
ments of short-lived species can be influenced only by sources 
within a much smaller domain. The variability of different 
molecules therefore can be affected by sources at different 
distances back along the back trajectory. When several mole- 
cules of different lifetimes stem from the same distant source, 
we expect their variability to be inversely dependent on the 
lifetime through the coefficient b which relates the relative 
influence of chemistry and dynamics. However, if the lifetime 
of the molecule is short enough, distant sources do not influ- 
ence the variability above the instrumental precision, and this 
species cannot be expected to lie in the same trend with the 
same A coefficient. 

Strong nearby sources can strongly affect the calculated vari- 
ability. This may destroy any correlation between Sigma_ln_X 
and lifetime, as has been shown by Jobson et al. [1998]. Reex- 
amining Figure 1, we note that hydroxyacetone, a photoprod- 
uct of isoprene, can be associated with both isoprene and 
MACR/MVK, and this group appears to show no real corre- 
lation between variability and lifetime. As described above, this 
is expected for species with strong local sources. The trend in 
isoprene and products is complicated by the strong diurnal 
cycle in isoprene emission which also induces variability in the 
measurements. Therefore the presence of hydroxyacetone in 
the trend of species such as benzene and propane may be 
either coincidence of two intersecting trend lines or an indica- 
tion that the remote source dominates over the local biogenic 
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Figure 3. The change in mixing ratio as a function of time for several species measured by TDL (CO), 
GC-FID (acetylene, propane, benzene), and PTR-MS (acetone). In all cases the atmospheric variability 
observed is greater than the (1 sigma) error bars shown. The variability is determined by atmospheric 
processes and not by the instrument precision. 

source. The former seems more probable as the ambient mix- 
ing ratios of its precursor isoprene over the rain forest were 
high, up to 8 nmol/mol (ppbv in U.S. units) and variable diur- 
nally [Warneke et al., 2000]. Acetone, MEK, and methanol lie 
on the trend with benzene, propane, and acetylene which is 
consistent with the expectation that they originate from distant 
source regions and that isoprene oxidation (or other strongly 
varying local emission) is not the dominant source of these 
species. In the case of acetone the mixing ratios measured over 
the rain forest were between 1-2 nmol/mol [POschl et al., 2000], 
so acetone over continental sources would have to be much 

higher to dominate the biogenic emissions. High mixing ratios 
of acetone have been reported: 10-40 nmol/mol from the 
metropolitan area of Denver, Colorado [Anderson et al., 1996], 
1-18 nmol/mol from the Fraser valley [O'Brien et al., 1997], and 
even higher could be expected from industrialized Europe. 
Another possibility is that the sources of acetone, methanol, 
and MEK over the forest are relatively constant with time and 
spatially homogeneous and therefore do not affect the mea- 
sured variability significantly. For this explanation to be true, 
the sources of these compounds cannot exhibit a diurnal cycle 
similar to isoprene but may be similar to terpenes, emission of 
which depends on temperature but not on light and hence does 
not vary greatly throughout the day in tropical regions. 

The variability of the acetonitrile measurement is much 
greater than would be predicted from the trend for a com- 
pound with a 3 year lifetime. Four possible explanations for 
this deviation from the trend have been considered: The first is 

measurement error, for example, the mass may correspond to 
another molecule more reactive than acetonitrile; second, 
nearby scattered sources such as fires may have induced an 
abnormal variability; third, the rain forest is a strong or varying 
source of acetonitrile; or fourth, the atmospheric lifetime of 
this molecule is overestimated. The potential for an interferent 
molecule at this mass is small. As the molecular mass is low, 
the number of potential interferent organic molecules is lim- 
ited. Furthermore, as molecules containing exclusively carbon, 
hydrogen, and oxygen always have an even molecular mass, 
molecules detected at protonated mass 42 must include an odd 

valent atom such as nitrogen [Williams et al., 2000]. Acetoni- 
trile can also be produced from biomass burning [Holzinger et 
al., 1999], and the presence of scattered fires in the region 
would lead to greater variability in the measurement. This, 
however, can be discounted as such burning events would also 
give rise to CO and the point corresponding to CO follows the 
general trend. There are no reported measurements of aceto- 
nitrile as a biogenic emission. Therefore we conclude that the 
removal rate used in Figure 1 for acetonitrile is not correct. 
Assuming that the HO reaction rate with acetonitrile is cor- 
rectly determined, then a second removal process must be 
important. Photolysis of acetonitrile can be discounted as it 
does not appreciably absorb in the actinic region. Although 
Henry's law coefficients for acetonitrile are not high (5.3 x 102 
M/atm) [Benkelberg et al., 1995], a residence time of 15 days 
was calculated for ocean uptake when reverse flow was ne- 
glected [Hammet al., 1984]. While the rate of hydrolysis of 
acetonitrile in alkaline solution is slow [Wideqvist, 1956], con- 
ditions over the rain forest will be more acidic [Andreae et al., 
1988], and wet surfaces may contain other species that can 
react with acetonitrile such as alcohols. If a lifetime of 15 days 
is used, then the acetonitrile point fits the general trend ob- 
served in the other data. The presence of such an uptake may 
be an important component of the nitrogen budget of the 
forest, particularly in the burning season when high concen- 
trations of acetonitrile can be expected. Moreover, the global 
source, currently estimated at 1.6 Tg yr -• [Schneider et al., 
1997], would have to be scaled up by more than an order of 
magnitude in order to balance the budget. 

The existence of a trend in the variability versus lifetime plot 
shows that the precision of the instruments concerned is better 
than the atmospheric variability. This can also be seen from an 
example of the data used in this treatment, shown in Figure 3. 
The data shown were all taken below 1 km altitude, and the 
precision for each measurement is included as an error bar. It 
can be seen that for CO (TDL), for acetone (PTR-MS), and 
for propane, acetylene, and benzene (GC-FID) the variations 
observed in the measurement are in each case greater then the 
statistical error. It should be noted that provided the data are 
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above the detection limit of the instrument the calculated 

variability is independent of the mixing ratios measured. The 
variability lifetime analysis provides a method to judge whether 
the precision is greater than the atmospheric variability which 
is more rigorous than qualitative assessment by eye. 

3.2. An Aid in Compound Identification for the PTR-MS 

The measurements of the nonmethane hydrocarbons and 
CO are highly specific, whereas the PTR-MS measures the 
concentration of molecules of a chosen mass. The identity of 
the primary contributor to a given mass signal must be deduced 
by comparison with results obtained with other techniques in 
similar environments, knowledge about expected intermedi- 
ates in the isoprene oxidation chain, model simulations, ob- 
served variations with altitude, and dependence on time of day 
and travel time from the Atlantic coast [Williams et al., 2000]. 
The presence of molecules measured by the PTR-MS in the 
same trend lends some credence to the identification of the 

primary contributors to each mass measured by the PTR-MS. 
A potential interference for the PTR-MS would therefore have 
to have a proton affinity greater than water, a mass equal to 
that of the species proposed, and the same atmospheric re- 
moval rate. The treatment therefore provides valuable sup- 
porting evidence for the identification of species measured by 
the PTR-MS. Two equally likely candidates for a particular 
mass with different lifetimes could also be differentiated by 
this technique. For example, in the case of mass 59, possible 
contributors to this mass include acetone, propaldehyde, and 
glyoxal. Both propanal and glyoxal have short atmospheric 
lifetimes due to rapid reaction with HO and photolysis, respec- 
tively. The variability measured at mass 59 lies on the trend 
defined by the other measured species when it is ascribed to 
acetone. This provides supporting evidence for the assertion 
that VMRs at mass 59 arc predominantly acetone. 

It was noted that the variance of isoprcnc determined by the 
GC-FID was grcater than the variance fi'om the PTR-MS 
despite the absolute values being in good agreement. Both 
values for the variability of isoprene are below that expected 
from the trend observed in molecules with 10-100 day life- 
times. While the number of PTR-MS measurements of iso- 

prene (n = 747) is much greater than that of the GC-FID 
(n = 32), there is potential interference in the FI'R-MS 
measurements at the same mass, for example, from furan and 
from 2-methyl-3-butenol. The lifetimes of both of these mole- 
cules are longer than that of isoprene but not sufficiently so as 
to account for the low variance observed. A strong indication 
for an interfering species masking the PTR-MS isoprene mea- 
surements was found in an intercomparison with the GC mea- 
surements. Although Warneke et al. [1999, 2000] found a high 
correlation between the PTR-MS and the GC measurement 

(r 2 = 0.86), the slope of the linear correlation function de- 
viates from unity and exhibits a large intercept (PTR-MS equal 
to 0.84 x GC + 688 pmol/mol), indicating a significant offset 
for the PTR-MS measurements. This offset could be due either 

to the above mentioned interference on mass 69 or caused by 
an underestimation of the detection limit of the PTR-MS. A 

higher detection limit would result in larger scatter at low 
concentrations, giving rise to a significant intercept in the cor- 
relation with the GC measurements. The lower variability of 
the PTR-MS measurements relative to the GC data would 

then be the result of a certain percentage of the PTR-MS 
isoprene data falling below the limit of detection, so that the 

full dynamic range and hence the variability cannot be quan- 
tified. 

3.3. Calculation of HO Concentrations 

A selection of molecules fitting the general trend in the data 
was used to analyze further the variability lifetime relationship. 
Plates 2a and 2b show for various HO concentrations a plot of 
Sigma_In(X) against lifetime for the selected species which was 
limited to those with lifetimes between 3 and 100 days. The 
data for species with lifetimes less than 2 days, namely, iso- 
prene, MACR/MVK, and acetaldehyde, were not included. 
The butanes and pentanes were not used as the concentrations 
measured were at or close to the detection limit, which had the 
effect of suppressing the observed variability. Toluene, aceto- 
nitrile, ethane, and hydroxyacetone were also not included for 
reasons discussed above. 

Plates 2a and 2b show a line of best fit (red) to the data for 
an HO concentration of 5 x 10 • molecules cm -3. If the HO 

concentration employed is varied, and the lifetimes of the 
species studied were determined exclusively by HO radicals, 
then we would expect the points merely to shift along the x 
axis. However, acetone and methyl ethyl ketone are removed 
by photolysis and HO. This means that variations in the as- 
sumed HO concentration will affect the total lifetimes of ace- 

tone and methyl ethyl ketone to differing extents. This will give 
rise to a different distribution of points and hence a different 
value of chi squared. The chi squared value indicates the dis- 
crcpancy between the function and the data and evaluates the 
correlation of the least squares fit; lower values of chi squared 
mean a better fit to the data. It is then possible to determine 
the HO concentration which produces the minimum chi 
squared. This is therefore an empirically derived NO concen- 
tration for the data set and represents an average HO concen- 
tration along the back trajectory from the point of measure- 
mcnt to the source. The dcrivation of HO using the concept of 
variability was originally reported by Ehhalt et al. [1998], who 
noted that, although unavailable, measurements of radon 
could be used to obtain HO concentrations. Instead, Ehhalt et 
al. [1998] used the competing removal reactions of ozone and 
HO with various hydrocarbons, and by assuming a constant 
ozone concentration, derived an HO concentration which gave 
a best fit to the data. In this work we have a wider w•ricty of 
chemical species available for this analysis and are able to 
exploit the dual photolysis and HO removal rates of acetone 
and methyl ethyl ketone to determine an optimum HO con- 
centration. 

Plate 2a shows the observed change in the gradient and the 
chi squared for varying HO concentrations from the original 
estimate of 5 x l0 s molecules cm -3 by a factor of 10. At HO 
concentrations of 5 x 10 ø molecules cm -3 the scatter in the 

data and the chi squared value have markedly increased. When 
HO concentrations are only 5 x 10 4 molecules cm -3, the chi 
squared is also higher. In Plate 2b the HO concentrations are 
varied by a factor of 2. A gradual decrease in chi squared is 
observed for HO concentrations of 1 x 10% 5 x l0 s, and 2.5 x 
10 s molecules cm -3. Optimizing the fit to the minimum chi 
squared for all selected species produces an HO concentration 
of 1.95 x l0 s molecules cm -3 (see Figure 4a). 

The optimal HO concentration is sensitive to the photolysis 
rate chosen; doubling the rate approximately doubles the cal- 
culated I10. The estimation of HO is relatively insensitive to 
the inclusion of the previously discarded outlier ethane in the 
data treatment, which reduces the calculated HO slightly to 
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Plate 2. S_ln(X) against lifetime for various HO concentrations for the selected species, limited to those 
with lifetimes between 3 and 100 days. The red trace in both plots is the fit to Sigma (lnX) = .4 r -t' for an HO 
concentration of 5 x 10 -s molecules cm -3. Acetone and MEK are highlighted with a cross. HO concentrations 
varied by (a) a factor of 10 and (b) a factor of 2. 

1.75 x l0 s molecules cm -3. The coefficients of the fit to the 

selected species are Sigma_In(X) equal to 4.63 r -ø'64 (see 
Figure 4b). The fit is constrained by acetone, MEK, and by the 
gradient of the other organic species. 

The value obtained for HO is interpreted as the average HO 
encountered along the back trajectory since the source for air 
masses from 1 ø to 5.5øN for the campaign duration between 
March 12 and 29, 1998. From the data selected for the opti- 

mization we derive HO concentration 2 x 10 -s molecules cm -3. 

This value may be compared with values generated by the 
Model of Atmospheric Transport and Chemistry-Max Planck 
Institute for Chemistry (MATCH-MPIC) global model [Law- 
fence et al., 1999] with improved NMHC chemical parameter- 
ization [Kuhlrnan et al.. 1999] for an idealized trajectory ex- 
tending from Surinam to the northeast over the Atlantic 
Ocean. The model resolution is 5.6 ø x 5.6 ø, and eight grid 
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Figure 4. (a) H¸ concentrations versus chi squared for the 
data shown in Figure 4b. The effect of the changes in H¸ on 
the point distribution can be seen in Plates 2a and 2b. (b) The 
fit of the selected data from Figure 2 for the optima] 
concentration derived from Figure 4a. Acetone and MEK are 
highlighted with a cross. 

squares lie between Surinam and the coast of Portugal directly 
to the northeast. The diurnal average ItO values in each of 
these grid squares at 500 m starting with the grid square cov- 
ering Surinam are 3 x 105, 2.13 X 10 6, 1.96 x l0 b, 1.54 X 10 6, 
1.13 x 106 , 8.58 x l0 s , 6.6 x 105 , and 5.8 x 105 molecules 
cm -3, respectively. The value over Surinam is low due to the 
high ambient mixing ratios of isoprene and low ozone mixing 
ratios present over the rain forest. Assuming that the wind is 
indeed consistently northeasterly and hence the source of all 
the species measured is Europe, we can compare the average 
of these model averages (1.1 x 106 molecules cm -3) with the 
estimated HO 2 x 105 molecules cm -3 which is the estimated 

average HO concentration along the back trajectory. It should 
be noted that no weighting of the HO fields along the trajec- 
tory is required in forming the model average for this compar- 
ison. The empirically derived HO concentration here is ap- 
proximately 5 times less than HO predicted by the global 
model. One reason for the discrepancy is that the air measured 
did not follow this idealized back trajectory and in reality spent 
time in the free troposphere where HO concentrations are 
lower. Another possibility is that the model values are pro- 
duced from a climatological average meteorology data set for 
the month of March which may not represent the 2 weeks of 
measurement in March 1998. For example, large-scale late 
winter NH weather systems could reduce the HO along the 
back trajectory below the climatological average. One factor 
causing the HO concentration to be underestimated could be 
photochemical sources of acetone and methyl ethyl ketone 
along the back trajectory. Propane is estimated to contribute 
50% of the acetone budget globally [Singh et al., 1994], and 

methyl ethyl ketone is formed in the HO-initialized oxidation 
of butane in high yield [Atkinson, 1997]. Such production can 
markedly affect this estimation method of the A factor, the b 
factor, and HO, as it is essentially constrained by three param- 
eters, the slope of the selected trace gases, and by the acetone 
and MEK loss rates. The net loss rate for these carbonyls is 
therefore the photolysis rate plus the loss by HO minus en 
route photochemical production rate. Hence HO will be un- 
derestimated. As the production of these carbonyl compounds 
along the back trajectory is dependent on the concentration of 
the precursor species, estimation of the contribution is diffi- 
cult. CO can be similarly affected from CO produced through 
the oxidation of methane, but in this case the effect on the 
variability is less as the source is so homogeneous. Assuming 
photochemical production reduces the effective loss rate of 
acetone and MEK by half, then the resulting estimate for HO 
is 4.5 x 105 molecules cm -3, chi squared 0.005. This HO value 
is still approximately a factor of 2 less than the model predic- 
tion. If we assume that the HO concentration is actually 1 x 
10 6 molecules cm -3, then the effective loss rate of acetone and 
MEK is approximately 4 times less than the calculated loss rate 
implying a significant production term. Acetone and MEK can 
be produced from the HO-initiated photochemical oxidation 
of the parent hydrocarbons propane and butane, respectively 
[Atkinson, 1997]. Moreover, there is evidence from field mea- 
surements of alkyl nitrates and hydrocarbons that acetone but 
not MEK is produced from the decomposition of larger or- 
ganic compounds, specifically alkoxy radicals [Bertman et al., 
1995]. However, another possibility is that acetone and MEK 
could be directly emitted from the ocean along the back tra- 
jectory thus causing a lower effective loss rate to be observed 
for these compounds. Emission of carbonyls including acetone, 
resulting from photochemistry within the ocean surface, has 
been reported previously [Zhou and Mopper, 1997]. The size of 
the deduced production rate suggests that it will be of impor- 
tance to the global budget of these compounds although the 
nature of the production cannot be attributed. 

In this study so far we have considered only removal by HO 
and by photolysis. As the air masses measured have passed for 
several days over the ocean, we also consider the influence of 
halogen radicals on the variability curve. The presence of sig- 
nificant quantities of chlorine radicals would cause propane to 
lie outside the trend, as at 298 K the rate coefficients for the 
propane rate of reaction with C1 [Tyndall e! al., 1997] is almost 
2 orders of magnitude larger than between propane and HO 
[Donahue et al., 1998]. As first pointed out by Jobson et al. 
[1999, 1994], the presence of high concentrations of Br radicals 
can cause acetylene to lie outside the trend. The rate coeffi- 
cient of acetylene with HO [Bohn e! al., 1996] is, however, 
approximately 1 order of magnitude larger than that of bro- 
mine [Barnes e! al., 1989], so very large concentrations of bro- 
mine would be required to compete with the HO reaction. The 
good fit to propane and acetylene obtained when using this 
derived HO concentration (see Plate 2b) suggests that signif- 
icant removal of hydrocarbons by C1 and Br radicals does not 
occur in this region. 

4. Discussion 

The examination of Sigma_lnX versus lifetime has proven 
valuable in five important ways. It provides supporting evi- 
dence for the identification of masses in the PTR-MS. Second, 
it can help identify outliers in the hydrocarbon data set and 
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Table 3. Lists the Fit Parameters A and b to Sigma_In(X) = A r -•' for the LBA-CLAIRE Campaign, Two Previous 
Tropical Airborne Measurement Campaigns, and Harvard Forest 

Altitude of 
Data 

Used, 
Campaign A b km Location Time 

LBA-Claire 4.63 _+ 1.21 0.64 _+ 0.07 0-1 1ø-5.5øN, 54 ø- March 
57øW Surinam 

PEM-West B 4.3 _+ 0.63 a 0.53 +_ 0.02 0-12 western Pacific March 

TRACE-A 2.9 +__ 0.44 a 0.52 _+ 0.02 0-12 Brazil, southern September 
Africa, South 
Atlantic 

Harvard forest 0.99 ___ 0.45 a 0.18 _+ 0.16 ground northeast United Summer and 
States winter 

Further campaign information available for PEM-West B [Hoell et al., 1997], TRAC-A [Fishman et al., 1996], and Harvard forest [Goldstein 
et al., 1996]. 

aFrom Jobson et al. [1999]. 

assess the quality of the measurements including data below 
detection limit (butane and pentane) as well as contamination 
and integration problems (toluene and ethane). It provides 
evidence of possible additional removal processes (acetoni- 
trile) or halogen chemistry, and provides a formal method to 
analyze whether the atmospheric variability in a data set is 
greater than the instrumental precision. Finally, it may be used 
to estimate average HO concentrations that have been expe- 
rienced along the back trajectory by air masses in the region 
investigated. 

The coefficients A and b of the fit shown in Figure 4b can be 
compared with those from two other tropical data sets, Trans- 
port and Atmospheric Chemistry Near the Equator--Atlantic 
(Trace-A) and Pacific Exploratory Mission--West Phase B 
(PEM-West B), in Table 3. Trace-A took place in September 
1992 over the South Atlantic, Brazil, and southern Africa, 
while PEM-West B took place between February and March 
1994 over the western Pacific. The value of b found in this 

study is similar to but slightly higher than both other tropical 
data sets. The exponent b has been interpreted as a measure of 
the influence of mixing on the variability, where higher values 
signify the dominance of chemical loss processes. The data 
used by Jobson et al. [1999] to calculate b are solely canister 
data which cover a wide variety of altitudes. The lower values 
of b derived from this data suggest a stronger influence of 
mixing than for the LBA-CLAIRE data which was limited to 
the boundary layer, where relatively uniform northeasterly flow 
was experienced. The value of A presented here is in good 
agreement with that found from the PEM-West B data set but 
almost twice as large as that found in Trace-A (see Table 2). 
We interpret A as a measure of the range of air mass ages in 
the sampled data set, as determined by the time period be- 
tween emission and measurement of the species in question. 
High values of A have been reported from the analysis of 
stratospheric data sets [Jobson et al., 1999]. In the extreme case 
of the stratosphere we expect air masses directly mixed in from 
the troposphere and air masses several years old to be part of 
the analysis. The troposphere is generally better mixed than 
the stratosphere, but a range of air mass ages will be sampled, 
the size of which will depend on the time and location of the 
campaign. In the case of PEM-West B the coefficient A is also 
high which we interpret as an indication that this campaign 
measured air over the remote Pacific Ocean which was suffi- 

ciently aged so that contributions from all possible sources 

were encountered. The high values of A presented here from 
the LBA-CLAIRE campaign can similarly be understood in 
terms of a sampling of air transported over the unpolluted 
Atlantic Ocean. The low value of A reported for the Harvard 
forest site (see Table 2) we interpret as indicating that air 
masses with only a small range of ages were sampled, in this 
case only relatively fresh continental emissions. For the Har- 
vard forest site the coefficient b, the measure of the effect of 
chemistry on the sample, is low: 0.18 +_ 0.16 [Jobson et al., 
1999]. Similarly, there is little observable trend (b • 0) in the 
present isoprene, MVK/MACR, and hydroxyacetone data, 
which are a biogenic emission, a first-order, and second-order 
photoproduct, respectively (see Figure 2). 

The lower A value for the TRACE-A study is more difficult 
to understand, but may be associated with a distribution of 
travel times (or sources) which is skewed toward nearby con- 
tinental sources in Brazil or in South Africa during the biomass 
burning season. These sources of NMHC are not operative in 
our measurement region, and the LBA-CLAIRE data are 
therefore more similar to PEM-West B. 

Development of such semiempirical models lead to a better 
understanding of how and to what extent variability can be 
related to atmospheric processes. Considered in this study is 
variability caused by instrumental noise, variability in the 
source emission rate, variability in proximity to sources, and by 
chemical loss process and transport. In the simple model of 
variability presented here, where a nominal instrument preci- 
sion of 1% is chosen, the distance along the back trajectory 
which generates variability is estimated to approximately 4-5 
lifetimes of the species multiplied by the wind speed. The fetch 
contributing to the variability of a species is determined by its 
lifetime. With isoprene, MVK/MACR, and hydroxyacetone we 
exemplify how local highly varying sources of a species can 
overwhelm the variability induced through chemical loss mech- 
anisms. We also show that for species with distant sources that 
a trend can be found in data, measured by three different 
instruments, which relates to the chemical and dynamical his- 
tory of the air parcel. This trend has been exploited to aid 
identification of PTR-MS masses and to derive HO concen- 

trations semiempirically as discussed below. 
Presented here is a new indirect method of estimating the 

average HO concentrations experienced by an air mass along 
its back trajectory. The hydroxyl radical plays a critical role in 
the chemistry of the lower atmosphere, and an understanding 
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of its production, interconversion, and sinks is central to mod- 
eling and predicting the chemistry of the troposphere. Con- 
centrations of HO are small, and hence direct measurement is 
complicated. In the future, by this method, experimentalists 
could empirically calculate average HO values along a back 
trajectory to a source, provided that large measurement sets of 
selected compounds are made and photolysis rates are known. 
The technique, however, has limitations. The calculated HO is 
suppressed by the presence of photochemical sources of ace- 
tone and MEK. In areas where strong point sources exist, no 
dependency between variability and lifetime can be expected 
[Jobson et al., 1998], and hence this treatment cannot be per- 
formed as the variability is no longer being controlled by re- 
moval processes. Similarly, limitations of this method can be 
expected for species which can be affected by halogen chem- 
istry. However, for remote sites or for those with homogeneous 
sources, large measurement data sets including species that 
have a photolysis component can be used to derive the histor- 
ical average HO concentration since source. The tropics are 
ideal areas for such measurements as the meteorology is sim- 
ilar from one day to the next ensuring the photolysis compo- 
nent of the lifetimes does not fluctuate greatly. Long-term 
measurements of selected compounds at such sites could po- 
tentially be used to track the seasonal change in the HO con- 
centrations, using this technique. 
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