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[1] In July–August 2002 the field measurement campaign Mineral Dust and
Tropospheric Chemistry (MINATROC) was carried out at the Global Atmosphere Watch
station at Izaña, Tenerife, to study the interaction of mineral dust aerosol and tropospheric
chemistry. Organic trace gas mixing ratios were determined for the following: alkanes
(e.g., propane); alkenes (isoprene); aromatic compounds (toluene); and oxygenated
species (CO, methanol, formaldehyde, acetaldehyde, and acetone) simultaneously with
aerosol measurements of dust. Local emissions of biogenic (isoprene and methanol) and
anthropogenic compounds (CO and toluene) were observed at Izaña by day. Nighttime
mixing ratios of organic species were interpreted as representative of the Atlantic free
troposphere. A local production and loss budget for formaldehyde suggested that isoprene
dominates production by day, and a significant dry deposition velocity is estimated at
night of 0.74 cm/s. The total reactivity of the organic trace gases measured to OH is
estimated as 1.7 s�1 by day and 0.7 s�1 by night. During the campaign a dense Saharan
dust plume, with aerosol masses exceeding 500 mg m�3, persisted for 3 days. Air masses
containing dust appeared to be generally more polluted (in acetone and CO) than the
prevailing westerly flow, but local biogenic emissions were little affected (e.g., methanol
and isoprene). Although during the dust period the daily cycles and the absolute
concentrations of some oxygenated species are different (e.g., acetaldehyde), these
changes could not be attributed unequivocally to heterogeneous reactions on dust.
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1. Introduction

[2] Each year an estimated 240 ± 80 Tg of Saharan dust is
transported annually from Africa at 20�S to 30�N predomi-
nately over the Atlantic Ocean [Kaufman et al., 2005]. These
dust outbreaks continue through the year and have been well
documented by satellite images. Dust-laden air represents an
interface region between the atmosphere and the pedosphere,
where tropospheric chemistry may be affected by heteroge-
neous reaction or attenuated photolysis rates. The interaction
between dust aerosol and photochemistry has been the focus
of field measurement and modeling research in recent years
[e.g.,Dentener et al., 1996;Putaud et al., 1999;Maring et al.,
2000;Martin et al., 2003]. Special emphasis has been given to
reactions on mineral dust aerosol, since these particles pro-
vide a large surface area for heterogeneous reactions in the
troposphere [Usher et al., 2003].
[3] Several previous field campaigns have reported a

correlation between high dust loadings and low gas phase

mixing ratios of O3 and HNO3 [e.g., de Reus et al., 2000;
Hanke et al., 2003]. Moreover it is has been established that
dust-poor air masses originating from North Africa had
significantly higher O3 concentrations than those which
carried dust [Bonasoni et al., 2004]. Several chemical
modeling studies have also investigated the potential miti-
gating effect of dust on ozone, nitrogen species, and HOx

(OH and HO2) [e.g., Zhang et al., 1994; Zhang and
Carmichael, 1999]. Bian and Zender [2003] investigated the
effect of reduced photolysis rates and heterogeneous chem-
istry on the tropospheric trace gas mixing ratios. They
concluded that both processes cause a combined decrease
in global mean O3 of 0.7%, and 11.1% for OH, 5.2% for HO2

and 3.5% for HNO3. The effects of heterogeneous remo-
val reactions clearly dominated over the reduced photolysis
rates.
[4] Since it has been established that dust storms can

induce tangible effects in the atmospheric chemistry of
ozone, we may expect an impact on the chemistry and
hence global budgets of certain organic trace species. Most
susceptible would be the oxygenated compounds (e.g.,
methanol, acetone, formaldehyde and acetaldehyde) whose
atmospheric formation and destruction are linked to photol-
ysis processes, and because of their polarity, more likely to
be involved in heterogeneous reactions. If dust has a strong
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effect on the atmospheric chemistry of oxygenated species
then pronounced changes in ambient mixing ratios can be
expected when dust storms are encountered. Oxygenated
organic species play many important roles in the atmo-
sphere [Williams, 2004, and references therein]. In the upper
troposphere or over the remote ocean, organic species such
as carbonyls may act as important radical sources [McKeen
et al., 1997; Jaegle et al., 2001] and can thereby influence
the global ozone budget. Measurements made over the
Pacific Ocean have shown that significant mixing ratios of
many oxidized organic species can be found even in remote
regions [Singh et al., 2001, 2003]. However, the direct
sources, chemical precursors and sinks of many major
oxygenated organic species are not yet well established,
and various global budgets have been proposed [Singh et
al., 2001; Jacob et al., 2002; Galbally and Kirstine, 2002;
Heikes et al., 2002].
[5] In this studywe investigate the effect of mineral dust on

the oxygenated organic species through field measurements.
We examine the volume mixing ratios and daily cycles of the
measured organic compounds under normal conditions at
Izaña, Tenerife, and then contrast these with those in a large
dust storm. The contribution of these compounds to the
atmospheric reactivity is assessed under both conditions.

2. Mineral Dust and Tropospheric Chemistry
(MINATROC) Experiment and Local Meteorology

[6] In this paper we will present observations of a field
experiment Mineral Dust and Tropospheric Chemistry

(MINATROC), performed in July–August 2002 at the
Izaña observatory on the island of Tenerife, Spain. The
Izaña observatory is part of the World Meteorological
Organization (WMO) Global Atmosphere Watch (GAW)
network, and is operated by the Spanish Meteorological
Institute. The station is situated on a mountain ridge on the
island of Tenerife at 2360 m above sea level (asl, 28�180N,
16�290W); see Figure 1. The sides of the island are forested
up to approximately 1.5 km. The synoptic situation over the
Canary Islands is usually dominated by a subtropical
anticyclone, centered over the Azores [Carslaw et al.,
1997]. Deviations in the position of this anticyclone gener-
ally determine the origin of the air masses observed at the
Izaña observatory. Intensive aerosol and trace gas measure-
ments were performed between 15 July and 15 August
2002. The influence of mineral dust on the chemistry of the
troposphere could be studied extensively during this period,
since, besides several smaller dust episodes, a major dust
event influenced the site between 28 and 31 July 2002. The
prevailing wind during the measurement period was north-
west; however, during the dust event the wind was from the
southeast. Aerosol index images from the TOMS satellite
indicate that this dust plume originated in western Algeria
and its border region with Mali and Mauritania. Back
trajectory calculations suggest that the air masses were
lifted from between 500 and 1500 m above ground level
to the measurement altitude of about 2.5 km, 2.5–3 days
before arrival at the Izaña measurement station. Lidar
measurements indicate that the Saharan dust plume extended

Figure 1. Map of Tenerife showing site of Izaña measurement station.
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to an altitude of about 7 km (G. P. Gobbi, personal
communication, 2003).

3. Instrumentation

[7] A suite of instruments to measure atmospheric trace
gases was operated by the Max Planck Institute for Chem-
istry, Mainz, Germany, from two laboratory containers. A
complete list of the trace gas instruments that are relevant
for this study, together with their associated uncertainties
and detection limits, has been given in Table 1. A sample air
inlet was placed at the roof of both containers about 4 m
above the ground and a fast flow of approximately 80 L/min
through the 10-m-long, 1.91-cm-diameter PFA Teflon inlet
kept residence times at approximately 20 s. Fractions of this
flow were sampled for the instruments measuring organic
species (PTR-MS, 2D-GC and flask sampling). The upward
looking JNO2 and JO1D filter radiometers were deployed
directly at roof of the container at about 3 m above ground
level, while the downward looking JNO2 and JO1D filter
radiometers were mounted at a height of 1.5 m above
ground level.
[8] Measurements of a range of organic species were

performed using a proton transfer reaction mass spectrom-
eter (PTR-MS). Ambient air was drawn at approximately
100 ml/min through an 1/8 inch (3.18 mm) PFATeflon line
from the main high-flow inlet described above. The entire
inlet system of the PTR-MS including switching valves was
composed of Teflon. Inside this instrument organic species
are chemically ionized by the proton transfer with H3O

+

ions and the products are detected with a quadrupole mass
spectrometer [Lindinger et al., 1998]. In this study the
measurements of acetone (mass 59), methanol (mass 33),
acetaldehyde (mass 45), isoprene (mass 69), methacrolein
and methyl vinyl ketone (mass 71), and toluene (mass 93)
are reported. The isoprene mixing ratios measured with the
PTR-MS, however, should be regarded as upper limits,

because of other possible contributions to this mass [Williams
et al., 2001]. It should be noted that generally measure-
ments of acetaldehyde are currently viewed with some
skepticism because of recently reported potential sam-
pling problems for this species. Apel et al. [2003] reported
an artifact for acetaldehyde can occur within inlets, even
on inert surfaces. Interferences in stratospherically influ-
enced air have been reported by Northway et al. [2004]
and Singh et al. [2004] for PTR-MS and GC systems
respectively. The PTR-MS instrument used here has also
subsequently recorded anomalous increases in acetaldehyde
in the stratosphere where such species are most unlikely to
be present. Furthermore, acetaldehyde measurements appear
to be inconsistent with simultaneously measured species
such as PAN and ethane when compared with models
[Singh et al., 2004; Lewis et al., 2005]. Despite this
uncertainty, the acetaldehyde data are included in this paper
as we are specifically examining the potential effect of
surface reactions and if acetaldehyde can be produced on
inlet surfaces it may also be generated on aerosols. None-
theless, the acetaldehyde data presented here must also be
interpreted with caution. More details about the measure-
ment technique and calibration procedure are given by
Salisbury et al. [2003]. For the measurement of non
methane hydrocarbons (NMHC), precursors of the oxygen-
ates examined here, stainless steel canister samples were
taken every 3 or 6 hours during the campaign, which were
analyzed in the laboratory of the Max Planck Institute in
Mainz, using a gas chromatograph–mass spectrometer
system (GC-MS). Because of the setup of the GC-MS
system only hydrocarbons with more than 2 C atoms were
analyzed. More details about the collection of the samples,
the GC-MS system and its calibration procedure are given
by Gros et al. [2003]. In addition, a GCxGC-FID system
was deployed to measure the less volatile VOCs from C7–
C11. This instrument chromatographically separates the
ambient sample in two dimensions: one according to boiling

Table 1. Instrumentation Used for Trace Gas Measurements During MINATROC Including Measurement Uncertainty and Detection

Limit

Species Measurement Principle Instrument Uncertainty Detection Limit

O3 UV absorption Ansyco 41M <5% 1 ppbv
CO gas chromatograph Thermo-Electron 5%
NO chemiluminescence

detector (CLD)
ECOPHYSICS CLD 790SR 3% 8 pptv

NO2 CLD and photolytic
converter (PLC)

ECOPHYSICS CLD
790SR and PLC 760

8% at night,
20% during the day

24 pptv

HCHO fluorescence detector
(Hantzsch reaction)

Aero Laser AL4021 5% 23 pptv

H2O2 fluorescence detector
(dual enzyme tecnique)

Aero Laser AL2001CA 20% 60 pptv

CH3OOH fluorescence detector AL2001CA 100%a 60 pptv
ROx chemical amplifier and

photoluminescence detector
PERCA and Luminox LMA-3 30–40% 2 pptv

Acetone,
methanol, isoprene

proton transfer reaction
mass spectrometer (PTR-MS)

<28% 55 pptv, 213 pptv,
46 pptv, respectively

Propane, butane gas chromatograph–mass
spectrometer (GC-MS)

Agilent GC-MS 6890/5973 <15% 3 pptv

terpenes two-dimensional GC (2D-GC) Agilent GC-MS 6890 ZOEX jets 7% 0.1–0.5 pptv
JO1D filter radiometer METCON 20b–30%c 8 � 10�7 s�1

JNO2 filter radiometer METCON 10b–20%c 8 � 10�7 s�1

aEstimated uncertainty for CH3OOH as organic peroxide signal assumed to be entirely CH3OOH which has a collection efficiency of 60%.
bFor solar zenith angles <60�.
cFor solar zenith angles between 60 and 70�.
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point and one according to polarity. It is therefore referred to
here as 2D-GC. Complete details of this system are given
elsewhere [Xu et al., 2003].
[9] Many instruments used here were also deployed

during a field experiment at Mount Cimone in June 2000.
Therefore for a detailed description of the O3, CO, ROx, NO
and NOy instruments the reader is referred to Fischer et al.
[2003]. For the other instruments more details are given
below. In addition to this suite of instrumentation, two wet
chemistry techniques were used to determine formaldehyde
and hydrogen peroxide. A liquid chemistry fluorescence
detector (AERO laser model AL 4021) was used to measure
formaldehyde (HCHO). The instrument first strips the
HCHO from the ambient air into a strongly diluted H2SO4

solution, after which it reacts with acetylacetone and
ammoniumacetate to form 3,5-diacetyl-1,4-dihydrolutidine
(DDL) following the Hantzsch reaction. The fluorescence
signal of the excited reaction product is detected by a
photomultiplier at 510 nm. The same instrument has been
employed during a previous aircraft campaign [Kormann et
al., 2003]. For the determination of H2O2 and CH3OOH a
second liquid chemistry fluorescence detector has been used
(AERO laser model AL 2001CA). Full experimental details
of this system including gas and liquid phase calibration
methods are given by de Reus et al. [2005].
[10] Aerosol measurements were performed from a mo-

bile laboratory by the Joint Research Centre, Ispra, Italy.
Dry aerosol size distributions in the size range 6–600 nm
diameter were measured with a custom built Vienna type
differential mobility analyzer (DMA), using a TSI CPC
model 3010 as particle counter (Thermo Systems Inc.
condensation particle counter). The number size distribution
of coarse particles was determined with an optical particle
counter (OPC, GRIMM model 1.108) in 15 size classes
from 300 nm to 10 mm diameter. Note that the aerosols
entering the OPC have not been dried; however, for the low
relative humidities (<60%) observed during the campaign,
the observed aerosol diameter can be regarded as dry
diameter. Combining the data of both instruments provides
the aerosol size distribution between 6 nm and 10 mm

diameter, from which the total aerosol surface area and
volume was calculated.

4. Results

4.1. Overview of the Measurements

[11] The broad purpose of the MINATROC project was to
investigate the effects of airborne dust on atmospheric
chemistry. During the intensive field campaign in Tenerife
in 2002 several dust events were observed, one of which
was much more intense (5–7 times, based on the optical
particle counter measurements) than the others. During this
large dust event (28–31 July), visibility at Izaña was
severely reduced, and the normally very prominent land-
mark of Mount Teide, only approximately 13 km from the
measurement station, disappeared from view entirely; see
Figure 2a. Figure 2b shows the total aerosol volume
measured at Izaña using an optical particle counter for the
period 28 July to 14 August 2002; these data were used to
define the limits of both the large dust event and the three
smaller dust events later in the campaign. The analyses

Figure 2a. View of ‘‘Pico del Teide’’ from the measurement site: (left) on a dust free day and (right)
during the main dust event (30 July).

Figure 2b. Aerosol volume, as measured by an optical
particle counter (OPC), and relative humidity during
MINATROC.
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presented in this paper concentrate on a comparison be-
tween conditions during the large dust event (28–31 July)
and the period after this event (31 July to 14 August), where
both PTR-MS and canister GC-MS data were available.
[12] Time series of the positively identified species mea-

sured by the PTR-MS technique during the MINATROC
campaign are shown in Figure 3. Also included in the figure
are mass 69, believed to be largely isoprene, and mass 71,
believed to consist of the sum of the isoprene oxidation
products methyl vinyl ketone (MVK) and methylacrolein

(MAC), as well as CO and formaldehyde, measured by
independent methods as described in section 3. Figure 3
shows that clear daily cycles were observed for all the PTR-
MS compounds except acetonitrile and benzene, owing
partly to a combination of upslope conditions during the
day and free tropospheric conditions at night at the mea-
surement site. The general lack of structure in the acetoni-
trile time series indicates that there was little influence from
biomass burning observed during most of the campaign
[Lobert et al., 1990], in contrast with the outflow from
Eastern Europe measured in summer 2001 [Salisbury et al.,
2003]. The only exceptions to this rule were two small
peaks in acetonitrile during the night on 1 and 10–
11 August, which positively correlated with CO (see
Figure 3, top panel). These features will be discussed again
briefly in section 5. The lack of a clear daily cycle for benzene
was probably due to the generally lowmixing ratios observed
for this species, which were often around or under the
PTR-MS detection limit of 44 pmol/mol.
[13] Although qualitatively consistent daily cycles were

observed for most of the campaign, Figure 3 also shows that
the peak mixing ratios for many species were rather variable
from day to day. The daytime peak in mass 69 (isoprene),
for example, varied between approximately 0.3 and
1.0 nmol/mol. This variability must be borne in mind in the
discussion of the average daily cycles, which follows in
the next section. The pronounced jump in the mixing
ratios of mass 71 (generally attributed to MVK + MAC)
on 14 August cannot be explained; no other PTR-MS
compounds exhibited a similar pattern. Trajectory analysis
showed that the air sampled at this time originated in the
central Atlantic; but this was often the case during the
campaign. It cannot be ruled out that another, unidentified
species with protonated mass 71 was present in the air on
14 August. For this reason, this short data section was
not used in calculating the mean daily cycle for mass
71 discussed in the next section.
[14] The CO, formaldehyde and acetaldehyde time series

shown in Figure 3 also show pronounced daily cycles on
many days, with a high degree of variability in the peak
mixing ratios from day to day. Also noteworthy is the very
high variability in the relative air humidity measured at the
site in the course of the campaign (Figure 2b), with values
ranging from virtually zero at night to up to approximately
70% during the day. The humidity was also rather variable
from day to day and night to night. (It should be noted that
we discuss here only the CO, formaldehyde and relative
humidity data from 29 July onward, where there were
reliable PTR-MS and GC-MS data available; for further
details of these measurements for the whole campaign
period, see de Reus et al. [2005].

4.2. Mixing Ratios of Organic Species at
Night Under Free-Tropospheric Conditions

[15] Table 2 shows the mean nighttime mixing ratios (i.e.,
under downslope, free-tropospheric conditions) of selected
species measured during the MINATROC campaign at
Izaña, Tenerife. (Data from the Saharan dust event are not
included in these averages.) These values may be taken to
be representative of the mid-Atlantic free troposphere. The
oxygenated organic species are far more abundant than the
measured alkanes, which is in agreement with measure-

Figure 3. Time series of the identified species measured
by the PTR-MS technique, as well as CO and formalde-
hyde, during MINATROC.
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ments made over the Pacific Ocean [Singh et al., 2001].
Compared to the Pacific data set, the absolute concentra-
tions of methanol, acetone, formaldehyde and acetaldehyde
presented here are between 30% and 50% higher; however,
the relative abundances are in good agreement (i.e., meth-
anol > acetone > formaldehyde > acetaldehyde). The con-
centrations of the alkanes, both absolute and relative are
also in keeping with previous studies of background air,
and the general global distribution pattern [Bonsang and
Boissard, 1999; Singh and Zimmerman, 1992]. The alkane
measurements are in broad agreement (within a factor of 2)
with measurements conducted at the same time of year at
the same site in 1993 [Fischer et al., 1998]; however, we
note that on average concentrations of C4–C6 alkanes were
slightly higher in the present study and propane slightly
lower. The oxygenated species were not measured in the
1993 campaign and thus cannot be compared. The nighttime
CO mixing ratio in 2002 was 9 nmol/mol lower than that
observed in 1993, in line with the observed CO trend of
�0.92 ± 0.15 nmol/mol/yr in the Northern Hemisphere
lower troposphere [Novelli et al., 2003]. Measurements of
the longer-lived organohalogen species (chloromethane and
bromomethane) are also in agreement with current back-
ground estimates for these species.

4.3. Average Daily Cycles During and After the
Large Saharan Dust Event (28–31 July 2002)

4.3.1. General Observations
[16] In order to compare the measurements during dusty

conditions with ‘‘standard,’’ ‘‘no-dust’’ conditions, mean
daily cycles (15 min intervals) were calculated for the
period 29–31 July (no PTR-MS data were available for
28 July) and 31 July to 14 August. Two further points must
be noted at the outset of this discussion. First, as noted
previously, other, smaller-scale dust events were observed

during the campaign, three of which fell in the latter period.
Daily cycles were therefore calculated for all species during
these smaller dust events only, and compared with those for
the whole period 31 July to 14 August. For each compound
and quantity the daily cycles obtained were qualitatively
very similar; for this reason, no further consideration has
been taken in this work of the minor dust events. The
second point to be made here is that the average daily cycles
for the major Saharan dust event necessarily include far
fewer data points than for the ‘‘standard’’ period. This is
why the dust period daily cycles presented appear consid-
erably more scattered than those averaged over the rest of
the campaign.

Table 2. Mean Nighttime Mixing Ratios of Selected Compounds

at Izaña During the MINATROC Campaign (31 July to 14 August

2002)

Compound Mean Mixing Ratioa Standard Deviationb

HO2 + RO2 6.7 2.3
Ozone, nmol/mol 50.5 14.2
CO, nmol/mol 78.2 9.9
H2O2, nmol/mol 1.89 0.59
Formaldehyde, nmol/mol 0.31 0.08
NO2, nmol/mol 0.12 0.04
NOy, nmol/mol 0.62 0.20
Methanol, nmol/mol 1.40 0.45
Acetonitrile, nmol/mol 0.14 0.03
Acetaldehyde, nmol/mol 0.15 0.09
Acetone, nmol/mol 1.05 0.23
Propane 24.4 14.0
Isobutane 12.9 9.3
Butane 15.9 36.7
Isopentane 9.0 8.9
Pentane 5.0 4.6
n-Hexane 2.5 2.1
Chloromethane 520.8 43.5
Bromomethane 9.5 0.9
Iodomethane 0.2 0.1
Chloroform 10.3 17.3
Dichloroethane 2.2 0.6
a-Pinene 3.3 2.4
Camphene 1.9 1.7

aAll mixing ratios are in pmol/mol, except where indicated.
bStandard deviations are absolute values.

Figure 4a. Mean daily cycles for selected species during
MINATROC: 31 July to 14 August. The J(O3) data are
represented by the dotted lines in all plots. The detection
limits and uncertainties are given in Table 1.
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[17] Figure 4a shows the average, calculated daily cycles
for methanol, acetaldehyde, acetone, mass 69 (isoprene),
mass 71 (MVK + MAC), toluene, CO, formaldehyde, ozone
and relative humidity during ‘‘normal’’ conditions (31 July
to 14 August; left), and Figure 4b shows the same plots
during the large Saharan dust event (29–31 July; right).
Each panel includes the corresponding daily cycle of
J(O1D) to aid the eye.
4.3.2. ‘‘Normal’’ Conditions, 31 July to 14 August
[18] In general terms, Figure 4a shows the importance of

both biogenic and anthropogenic sources of organic com-
pounds at the Izaña site under normal conditions. Methanol,
for example, shows a sudden, steep rise after sunrise, almost
certainly owing to its release from leaves in the forest
upwind of the measurement site as the leaf stomata open

[Galbally and Kirstine, 2002]. Mass 69, attributed to
isoprene emitted from the local pine forest, but possibly
also including a contribution from another biogenic com-
pound, 2-methyl-3-buten-2-ol [Goldan et al., 1993], exhib-
its a pronounced, rather symmetrical peak during the
daylight hours, with a maximum somewhat after local solar
noon, and levels approaching zero at night. It is worth
noting that the mean peak mixing ratio of mass 69 was
approximately 0.4 nmol/mol, which is somewhat higher
than that reported for isoprene measured by GC-MS at Izaña
during the OCTA campaign in the summer of 1993
(approximately 0.25 nmol/mol; Fischer et al. [1998]),
although the mean daily cycle in the latter work was based
on only a small number of measurements (over the course of
one week) at one-hourly intervals. In addition, the time series
for mass 69 (Figure 3) shows that maximum mixing ratios
of approximately 0.25–0.3 nmol/mol were also observed on
some days in the course of the MINATROC campaign.
Mass 71, attributed to the sum of the isoprene oxidation
products MVK and MAC, shows a very similar daily cycle
to mass 69, albeit at much lower mixing ratios (maximum
approximately 60 pmol/mol); this in itself provides further
evidence that both mass identifications are correct. In short,
there is no strong reason to suppose that mass 69 was not
entirely attributable to isoprene during MINATROC. How-
ever, the possible presence of 2-methyl-3-buten-2-ol has
been considered in the further analysis of the data presented
hereafter.
[19] Anthropogenic tracers in Figure 4a include carbon

monoxide and toluene. CO shows a steady rise in themorning
and a similar rate of fall (approximately 1.5 nmol/mol/h)
after about 1800 UT. During the middle of the day the
average mixing ratios of CO are rather steady, at just
under 90 nmol/mol. Interestingly, acetone exhibits a very
similar daily cycle (top panel of figure, correlation r =
0.73 n = 1249), which suggests that local biogenic sources
of acetone may be relatively unimportant at Izaña under
normal conditions, as acetone typically correlates well with
CO unless strong biogenic sources of acetone are present
[de Reus et al., 2003]. The average toluene daily cycle
observed is rather different, with a sharp rise in mixing
ratios from about 1000 UT to around midday, followed by a
steady fall for the rest of the day and throughout the
evening, to very low levels during the night. The prevailing
wind direction for much of the campaign was west-
northwest, i.e., from the direction of Puerto de la Cruz
(population 31,830), the second largest town on Tenerife
located at the coast. The toluene observations are therefore
consistent with a sharp maximum in local traffic emissions
in Puerto de la Cruz in the morning. The measurements also
suggest that there is no clear afternoon rush hour in Puerto
de la Cruz, or that the wind direction changes slightly in the
afternoon so that the emissions are not experienced at Izaña.
It must be noted that the peak in toluene is still very small
(maximum approximately 50–60 pmol/mol), so that the
much longer lifetime of CO certainly means that any minor
effect of local emissions on this compound’s daily cycle will
be submerged in the longer-range CO trends. In summary,
the daily rise and fall in CO is certainly dominated by
dynamics, i.e., the difference between upslope and free-
tropospheric conditions, and the changing boundary layer
influence in the course of morning and afternoon.

Figure 4b. Mean daily cycles for selected species during
MINATROC, during the Saharan dust event, 29–31 July.
The J(O3) data are represented by the dotted lines in all
plots. The detection limits and uncertainties are given in
Table 1.
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[20] Also shown in Figure 4a are the mean daily cycles of
formaldehyde and acetaldehyde, which are strikingly simi-
lar. The shape of the daily profiles is reminiscent of that of
toluene, with a sharp rise in the morning and a slower decay
in the afternoon, but the sharp rise in both species begins
straight after sunrise. The biggest difference in the two daily
cycles is in the early morning, before dawn, where formal-
dehyde levels remain approximately constant, but acetal-
dehyde mixing ratios fall significantly. Acetaldehyde
reacts with both OH and NO3 in the atmosphere at well-
established rates [Atkinson and Arey, 2003]. Calculation
showed that 1.4 � 1010 molecules/cm3 of NO3 or 1.7 �
106 molecules/cm3 of OH would be required to produce
the observed acetaldehyde loss rate of approximately
14 pmol/mol/h. Neither radical concentration is realistic,
the former being 100 times more than previously measured
NO3 concentrations at Izaña [Carslaw et al., 1997] and the
later being comparable to midday OH measurements [e.g.,
Handisides et al., 2003] when the main source of OH,
namely ozone photolysis occurs and not before the sun has
risen. The reason for this nighttime fall in acetaldehyde
mixing ratios therefore remains unclear.
[21] The average daily cycle in ozone is also interesting.

Mixing ratios of the order of 50 nmol/mol are observed at
night in the free troposphere, while a sharp fall in ozone
levels may be noted after sunrise, as the influence of
upslope air increases. Between 1030 and 1630 UT, ozone
rises again at a rate of about 1 nmol/mol/h; for further
discussion of ozone photochemistry during MINATROC,
see de Reus et al. [2005]. In the evening the cutoff between
daytime upslope conditions and nighttime free-tropospheric
conditions is less clear cut as in the morning, presumably
because the ozone levels in the boundary layer are similar to
those in the lower free troposphere at this stage of the day.
4.3.3. Comparison Between the Daily Cycles During
the Large Saharan Dust Event and Those Observed
in the Rest of the Campaign
[22] The first point to be made about the daily cycles on

the right-hand side of Figure 4b is that the pronounced peak
in some species just before midnight was due to a single
event just before midnight on 30 July, where methanol,
acetone, formaldehyde, acetaldehyde, PTR-MS mass 71,
and to a lesser extent, acetonitrile and CO were all elevated
(see the time series of these species in Figure 3). Given the
short lifetimes of formaldehyde and acetaldehyde, this peak
was likely attributable to a short-lived, local fire, and was
not therefore connected to the Saharan dust event, except
that it suggests that the influence of local, boundary layer air
was more important at night at this time than under normal
conditions. Further evidence to support this interpretation is
provided by the relative humidity daily cycle, which shows
that the air sampled at Izaña was consistently moister during
the dust event than at other times in the campaign (�30–
60%, compared with 20–30% at other times). The shape of
this daily cycle is also noteworthy: the relative humidity
was observed to climb steadily from midafternoon to around
midnight, local time, and then fall steeply until about
0200 UT. This pronounced dip was in clear anticorrelation
with ozone (Figure 4a), and may represent the closest
approximation to free-tropospheric conditions observed at
night during the dust event. After 0200 UT the humidity rose
steeply again to around sunrise, before falling once again

for the entire morning period The average temperature
profiles were also rather different during the dust period.
The average temperatures day and night were 3�–4�C
higher, and the fall in temperature in the evening was also
much more gradual (from about 1500 UT onward) than
under normal conditions.
[23] The reduced differentiation between daytime and

nighttime air masses during the dust event may also help
to explain why some of the PTR-MS species exhibited
similar daily cycles under Saharan dust and dust-free con-
ditions, namely methanol, mass 69 (isoprene) and mass
71 (MVK + MAC), whereas the daily cycles of the other
compounds were very different at this time (acetone, acet-
aldehyde and toluene). As discussed in the last section, the
daily cycles of methanol, mass 69 (isoprene) and mass
71 (MVK/MAC) during MINATROCwere driven largely by
local biogenic emissions, which were obviously not affected
by the Saharan dust event; indeed, levels of all three (four)
species were on average slightly higher at this time,
although this difference may not have had anything to do
with the dust event per se. As noted previously, day-to-day
peak mixing ratios were rather variable in any case.
[24] The remaining daily cycles shown in Figure 4b (dust)

are rather different from those shown in Figure 4a (normal
conditions). CO levels were higher during the dust event
compared to the period afterward, both day and night, and
the cutoff both in the morning, and especially in the
evening, between the daytime and nighttime periods was
less well demarcated. In contrast, Figures 4a and 4b also
show that significantly less toluene was observed during the
dust event than later in the campaign, and with a less
striking daily cycle. The mean daytime NO levels during
the dust event were also lower than later in the campaign.
These observations taken together indicate that the air mass
sampled at Izaña during the dust event was rather more
polluted than those at other times, on average (higher CO),
but less influenced by local pollution from Tenerife (lower
NO and toluene). The latter observation is not surprising,
given that the prevailing wind direction at this time was
approximately from the southeast, where there is no large
local town on the island.
[25] Figure 4b also shows that the clear daily cycle in

acetone seen during most of the campaign disappeared in
the large dust event, although this effect seems unlikely to
have anything directly to do with the presence of Saharan
dust in the air. Again, this observation may well be a side
effect of the reduced differentiation between daytime and
nighttime air masses at this time: we note that daytime
acetone mixing ratios were similar to at other times
(approximately 1.4–1.5 nmol/mol), but that nighttime levels
were somewhat higher. Analogously to CO, it appears that
acetone is generally higher in the dust-laden air masses from
the southeast.
[26] The formaldehyde and acetaldehyde daily cycles

during the dust event showed a lower dynamic range
(approximately 0.4 and 0.2 nmol/mol, respectively) than
for the rest of the campaign (approximately 0.7 and
0.4 nmol/mol, respectively), with less well-defined cutoff
points between day and night, as well as rather higher
nighttime mixing ratios. Daytime levels of both compounds
were, in contrast, slightly lower on average. Given the short
lifetimes of a few hours for these species in the atmosphere,
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it would seem that the rate of production of both was higher
at night but lower during the day during the dust period than
at other times in the campaign. We will return to this theme
in section 5.

5. Discussion

[27] The discussion of this data set is divided into three
parts. First we examine the data set in terms of the total
reactivity presented by the organic species to OH during the
campaign. Second the formaldehyde budget is examined in
detail to better understand the changes in organic photo-
chemistry occurring between dust and normal conditions.
Finally, we assess if there is evidence for heterogeneous
reactions affecting the oxygenated species, in particular
acetaldehyde.

5.1. Measured Air Reactivity (OH Sinks)
During MINATROC

[28] Using the full range of organic species measured
during the MINATROC campaign, we discuss in this
section the total air reactivity, or sum of organic sinks of
the hydroxyl radical, under different conditions during the
campaign. The total air reactivity is here defined as follows:

Air reactivity of measured species ¼ Ski Ri þ OHð Þ * Ri½ 
;

where ki(Ri + OH) is the rate coefficient at measured
temperature and pressure for the reaction between organic
compound Ri and OH. Rate data were taken from the latest
IUPAC recommendation, where available, and otherwise
from the NIST database, where the latest values including
temperature dependence information were always used, if
such exists. The rate data for all species making a significant
contribution (>5%) to the total reactivity (see later) were
available from the IUPAC recommendation, except for the
terpenes a-pinene, camphene and limonene, as measured by
the 2D-GC instrument. Note that the contribution to the
total reactivity of the measured alkanes (>C2) is lower than
5%. Propene and butene measurements were also made
from the canister samples, as described in section 3.
Laboratory tests showed, however, that the measured
mixing ratios of these increased with storage time in the
canisters. For this reason, the measured mixing ratios were
assumed to be upper limits. On performing the reactivity
calculation for these compounds, based on the daytime and
nighttime average mixing ratios for the period 31 July to
14 August, it was found that the reactivity for both species
together represented approximately 5% of the total
reactivity during the daytime and approximately 6% during
the nighttime. Because of the uncertainty in these measure-
ments, however, they have not been included in the
following discussion and are not taken into account in the
total reactivity values discussed later. No account has been
made of ethene or C5 or higher alkenes, where no
measurements were available. In addition, no methane or
ethane measurements were made during MINATROC; for
this reason, methane was assigned the mixing ratio of
1800 nmol/mol throughout, whereas ethane was set to
0.5 nmol/mol at night and 0.8 nmol/mol during the daytime
(as defined hereafter), on the basis of measurements made at
the same site in 1993 [Fischer et al., 1998]. Total reactivity

values were only calculated where PTR-MS, formaldehyde,
CO and estimated methyl hydrogen peroxide measure-
ments were all available.
[29] Figure 5 shows the reactivity time series for the

biggest contributors to total reactivity during MINATROC.
The top panel includes CO, methane and mass 69 (iso-
prene), along with the total reactivity, and the bottom panel
includes the oxygenated organic species formaldehyde,
acetaldehyde and methyl hydrogen peroxide. As expected
from the measurements of these species, large day-to-day
differences were observed, as well as pronounced daily
cycles for most reactivity coefficients (=ki*[Ri] for each
compound i). As the upper panel of Figure 5 shows, the
major contributor to the total reactivity during the daytime
was mass 69, where we assume that the entire signal at this
mass was attributable to isoprene. The peak reactivity
coefficient for this component during the daytime ranged
between approximately 0.6 and 1.9 s�1, which may be
compared to a range in peak values for the total air
reactivity of approximately 1.4–3.1 s�1. This result is in
qualitative agreement with the results of Armerding et al.
[1997], who concluded from offline GC measurements of
isoprene that the contribution of isoprene to the total OH
sink was at least a factor of ten larger than for any of the
other nonmethane hydrocarbon (NMHC) species (C2–C6)
measured at Izaña in May 1994. The other possible con-
tributor to this mass is 2-methyl-3-buten-2-ol. However, this
species is also highly reactive. On the basis of the rate
measurements by Rudich et al. [1995] for the alcohol and
the IUPAC recommendation for isoprene, the reactivity ratio
alcohol/isoprene for the mean daytime temperature at Izaña
of 16�C would be 0.65, i.e., even if the entire PTR-MS
signal at mass 69 were due to 2-methyl-3-buten-2-ol, this
component would still represent the highest contributor to
the total air reactivity during the daytime (range: approxi-
mately 0.4–1.2 s�1), as shown in Figure 5.

Figure 5. Time series of selected reactivity coefficients
(=ki(Ri + OH)*Ri,) during MINATROC.
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[30] Although the contribution of mass 69 was large, the
upper panel of Figure 5 also shows that it was not the only
factor in driving the total daytime air reactivity up or down.
Inspection of the data in Figure 5 for 5 and 9 August, for
example, shows the importance of the oxygenated species,
particularly formaldehyde, but also acetaldehyde, to the
total reactivity. Methyl hydrogen peroxide was also an
important contributor, during the night as well as in the
daytime. These points may be seen more clearly in Figure 6,
which gives a breakdown of the average contributions of
each compound to the total reactivity for the daytime and
nighttime periods for the period 31 July to 14 August, i.e.,
after the Saharan dust event. (Only those compounds
contributing at least 5% of the total reactivity are included,
which means that the total air reactivity for each set of
conditions was slightly higher than shown in Figure 6.) For
the purposes of the analyses presented in this work, we
define daytime as 0900–1800 UT and nighttime as 2100–
0600 UT, in line with Fischer et al. [1998]. Figure 6 shows
that, as expected, reactivity at night was dominated by CO
and methane, although interestingly the third largest contri-
bution was due to methyl hydrogen peroxide. It should be
noted, however, that the value of methyl hydrogen peroxide
is an upper limit because of the sampling method [see de
Reus et al., 2005]. No significant contribution from the
2D-GC compounds (the terpenes a-pinene, camphene and
limonene) was observed at night, although some reactivity
was still attributable to mass 69 (isoprene). It must be noted,
however, that the mean mixing ratio of isoprene at night
during this period was only 24 pmol/mol, which is under
the 2-sigma detection limit of the PTR-MS instrument of
46 pmol/mol, based on 15-min average measurements.
Figure 6 nevertheless demonstrates the importance of even
trace amounts of such a reactive compound to the OH
budget at night. Finally we note that the mean total air

reactivity of the organic compounds measured for this period
was 1.78 s�1 during the daytime, and 0.80 s�1 at night. The
equivalent figures for the period of the Saharan dust event
were slightly higher: 1.95 and 0.94 s�1, respectively (data not
shown in Figure 6). For the daytime, this difference was
almost entirely attributable to higher mass 69 (isoprene)
mixing ratios during this short period, whereas at night
mixing ratios of all of the species in Figure 6 were slightly
higher than during the rest of the campaign, except those of
methyl hydrogen peroxide, which were slightly lower. The
general breakdown in air reactivity by compound was rather
similar day and night to the rest of the campaign. In short,
there is no evidence that the presence of the Saharan dust
per se had any effect on the total air reactivity of the
compounds measured at Izaña. As discussed previously to
explain the changes in the observed daily cycles, a change
in air mass and rather different local dynamics seems more
likely.
[31] On the nights 1–2 and 10–11 August, nighttime

peaks of acetonitrile and CO were observed, as noted in
section 4. However, the mean total air reactivity during
these periods was 0.83 and 0.76 s�1, respectively, i.e., not
significantly different from the campaign average. Clearly,
these air masses represented rather aged biomass-burning
plumes, where only the longest-lived fire tracers
remained after transport from the burning region. For
this reason, these periods are not discussed independently
in detail.

5.2. Formaldehyde Production and Loss Processes

5.2.1. Introduction and Details of the Calculations
[32] Formaldehyde is one of the key photochemical

intermediates in the chemical processing of organic species
in the atmosphere. A lot of measurement and modeling
effort is currently underway worldwide to try to understand
the atmospheric budget of this compound, but many ques-
tions remain unanswered. During the MINATROC cam-
paign most of the direct photochemical precursors of
formaldehyde were measured directly, and methyl hydrogen
peroxide could be estimated from the total peroxide mea-
surements, as described previously. In other words, this
campaign represented a rare opportunity to quantify the
various chemical sources of this compound over a range of
atmospheric conditions. In a separate study, de Reus et al.
[2005] have applied a box model to the MINATROC data to
assess the budgets of hydrogen peroxide and formaldehyde.
The box model analysis approach, and the implicit steady
state assumption for formaldehyde, was complicated by
advection effects as well as the presence of isoprene and
NOx, both of which profoundly affect the formaldehyde
budget. In this work, we employ a more simple approach,
assessing the source and loss terms directly from the
measured data.
[33] Our calculations of formaldehyde production rates

included the following OH reactions: methanol (yield
100%, assuming OH attack at either carbon or oxygen
gives HCHO, via CH2OH or CH3O, respectively); acetal-
dehyde (yield 100% to give the acetyl then the peroxy
acetyl radical, which reacts further with NO or NO2 to give
either HCHO or PAN, respectively; the PAN channel is not
considered further in the calculation); acetone (to give the

Figure 6. Contributions to total air reactivity for the period
31 July to 14 August, split into daytime (0900–1800 UT)
and nighttime (2100–0600 UT) periods. Only those
components contributing over 5% of the total reactivity are
shown.
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CH3C(O)CH2O2 peroxy radical, which on reaction with NO
yields one HCHO molecule and one peroxy acetyl radical,
which is treated as for acetaldehyde); mass 69 (assumed to
be entirely isoprene, where the initial yield of HCHO is set
to be equal to that of methyl acrolein and methyl vinyl
ketone summed (0.5), based on the reaction scheme of
Tuazon and Atkinson [1990b]); mass 71 (methyl acrolein
and methyl vinyl ketone, where the PTR-MS signal is
assumed to be divided equally between the two compounds,
and an average HCHO yield of 0.19 is used [Tuazon and
Atkinson, 1989, 1990a]; and methyl hydrogen peroxide
(HCHO yield 0.35, based on IUPAC recommendation).
Also considered in the rate of production analysis were
the photolyses of acetone (to yield HCHO via the peroxy
acetyl radical, as described previously) and methyl hydro-
gen peroxide, as well as the methylperoxy self-reaction and
reaction with NO to give CH3O and then HCHO. For the
peroxy radical reactions, three different calculations were
performed, assuming that the methylperoxy radical made up
25, 50 and 75% of the total peroxy radical population as
measured by the PERCA technique, in order to gauge the
sensitivity of the total rate of formaldehyde production to
this term in the calculation. No attempt was made to
quantify the possible contribution of either alkene or terpene
oxidation to formaldehyde production [cf. Sumner et al.,
2001], in the first case because of the lack of reliable
measurements, and in the latter case because of the small
amount of measurement data available and the uncertain
yields of formaldehyde from these reactions.
[34] In order to be able to compare the rates of formal-

dehyde production from the OH reactions directly with the
photolysis and peroxy radical routes, it was necessary to
estimate OH concentrations during the campaign. This
calculation was based on a simple steady state assumption,
where the OH loss processes included the reactions with all
measured species, including nonorganics such as ozone,
NO, NO2 and hydrogen peroxide, and the production
processes included the photolyses of ozone, hydrogen

peroxide and methyl hydrogen peroxide, and the reactions
of HO2 with ozone and NO, where HO2 was assumed to be
half the total population of peroxy radicals present. The
resulting maximum daytime OH concentrations varied
between approximately 4 � 106 and 2.5 � 107 molecules
cm�3; the highest values were seen when NO mixing ratios
were also high (up to 0.8 nmol/mol). The daytime average
calculated OH concentration was 3.1 � 106 molecules
cm�3. These results may be compared with the OH con-
centrations measured at Izaña in May 1994, where the
‘‘noontime’’ average OH concentration was 4–5 �
106 molecules cm�3, although OH concentrations over 1 �
107 molecules cm�3 were also observed when NO mixing
ratios were high [Armerding et al., 1997]. Given that
MINATROC was a summer rather than springtime cam-
paign, we may therefore have some confidence that the
calculated OH concentrations used in our further analyses
are reasonably realistic. For the nighttime period, a constant
OH concentration of 5 � 104 molecules cm�3 was assumed,
which was the average calculated concentration for late in
the evening and early in the morning.
[35] In an analogous way the loss rates of formaldehyde

due to OH attack and photolysis were calculated for
purposes of comparison.
5.2.2. Results of the Formaldehyde Rate of
Production Analysis
5.2.2.1. Daytime
[36] Figures 7a and 7b show the most important contrib-

utors to the overall calculated formaldehyde production rate,
assuming that PTR-MS mass 69 was entirely isoprene, and
where the methylperoxy term and the total production rate
both include the assumption that CH3O2 represented 50% of
the total peroxy radical population. All data in Figures 7a
and 7b are for the daytime period only for clarity, except the
trace for the methylperoxy radicals, where all available data
are included. Figure 7a shows that the reactions of metha-
nol, acetaldehyde and methyl hydrogen peroxide (MHP)
with OH all contributed substantially to the total, although

Figure 7a. Results of a rate of production analysis for formaldehyde, showing the major contributing
processes: including methanol and acetaldehyde.
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their relative importance varied somewhat from day to day.
The maximum formaldehyde production rate from methanol
reaction exceeded 106 molecules/cm3/s on one day, and that
from acetaldehyde on several days, whereas the maximum
production rate from MHP reaction was consistently of the
order of 1–5 � 105 molecules/cm3/s. Figure 7b shows,
however, that the most important daytime contributor to
formaldehyde production was, as might be expected, iso-
prene. The rate of formaldehyde production due to isoprene
reaction reached around 2 � 106 molecules/cm3/s on each
day where measurements were available. Of course, if there
were a substantial contribution from 2-methyl-3-buten-2-ol
at the PTR-MS mass 69, the results shown in Figure 7b
would be somewhat different, although since this compound
also contains a terminal alkene group, it would also be a
significant source of formaldehyde, albeit at slightly re-
duced rates. Assuming a direct yield per oxidized molecule
of 2-methyl-3-buten-2-ol of 0.5, as for isoprene, the rate of
formaldehyde production would be approximately 16% less
than shown. This possibility is considered further in the
average formaldehyde production rates for the period 31
July to 14 August (after the Saharan dust event) presented in
Table 3 (total A2). It must also be noted that the daytime
average production rates in Table 3 are not given with
standard deviations, since most of the individual terms were
highly dependent on the time of day, as shown in Figures 7a
and 7b.
[37] Figure 7c shows the high degree of linear correlation

(r2 = 0.91) between the total estimated daytime formalde-
hyde production and loss rates during MINATROC. A good
correlation would of course be expected, since most of the
contributory quantities are themselves highly dependent on
the solar flux, but nevertheless the line of best fit for the
correlation had a gradient of 0.90, i.e., the two totals were
within around 10% of each other on average, with only a
relatively small intercept. This result implies that formalde-
hyde was in approximate photochemical balance during the
daytime period, as would be expected for such a short-lived

species. Table 3 shows that the average total production rate
in the daytime was 2.00 � 106 molecules/cm3/s, which
compares well to the average total loss rate of 2.22 � 106

molecules/cm3/s. This good general agreement between the
two totals is encouraging, as it suggests that the important
source reactions may all be accounted for, although it is
important to consider the major sources of error inherent in
the calculations. On the production side, the possible error
in the isoprene term is clearly the major source of error
overall, including the assumed yield of formaldehyde, and
also the possibility of some contribution to the PTR-MS

Figure 7b. Results of a rate of production analysis for formaldehyde, showing the major contributing
processes: including isoprene.

Table 3. Mean Formaldehyde Production Rates During

MINATROC Over the Period 31 July to 14 August 2002 (After

the Large Saharan Dust Event)

Production Terma Daytime Mean

Nighttime

Mean Standard Deviation

Methanol + OH 1.85 � 105 1.16 � 103 3.22 � 102

Acetaldehyde + OH 2.34 � 105 3.44 � 101 9.12 � 101

Acetone + OH 2.81 � 104 1.66 � 102 3.82 � 101

Isoprene + OH 1.22 � 106 1.31 � 103 1.51 � 103

(MVK + MAC) + OH 2.22 � 104 1.42 � 102 3.64 � 102

MHP + OH 1.54 � 105 2.18 � 103 5.57 � 102

Acetone photolysis 7.76 � 103 – –
MHP photolysis 1.14 � 105 – –
Methylperoxy A 3.54 � 104 2.10 � 103 1.36 � 103

Methylperoxy B 7.96 � 104 4.72 � 103 3.07 � 103

Methylperoxy C 8.85 � 103 5.25 � 102 3.41 � 102

Total Production A 2.00 � 106 7.10 � 103 –
Total A2 1.67 � 106 6.64 � 103 –
Total B 2.05 � 106 9.72 � 103 –
Total C 1.98 � 106 5.52 � 103 –
Loss term
OH 7.88 � 105 2.80 � 103 7.52 � 102

Photolysis 1.43 � 106 – –
Total loss 2.22 � 106 2.80 � 103 7.52 � 102

aAll rates are in molecules/cm3/s. Letters A, B, and C refer to the
assumed fraction of the methylperoxy radical in total HO2 + RO2: A = 0.5,
B = 0.25, and C = 0.75. Total A2 assumes fraction 0.5 methylperoxy but
replaces isoprene with 2-methyl-3-buten-2-ol (see text).
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mass 69 from 2-methyl-3-buten-2-ol (see total term A2 in
Table 3). Moreover, acetaldehyde, the second most impor-
tant formaldehyde source, is subject to some measurement
uncertainty (see section 3). Errors in the calculated OH
concentrations are also important to bear in mind, since OH
reactions accounted for around 95% of the production
processes and only approximately 35% of the loss processes,
on average (Table 3). If OH were overestimated, for
example, the calculated formaldehyde production rate
would be artificially high compared to the total estimated
loss rate. We also note that no account has been made here
of dry deposition of formaldehyde or its precursors, which
may have an important impact on the budget of formalde-
hyde both day and night, but is rather hard to account for
during daytime, upslope conditions. If this term were
important, it would imply that our calculated formaldehyde
production rates are too low. This might be partly due to
missing sources from unmeasured alkenes, or perhaps more
likely to an underestimate of the formaldehyde yield from
isoprene oxidation.
[38] The methylperoxy term (Figure 7a) was of course

very sensitive to the methylperoxy radical concentrations
assumed, although the concomitant change in the total
formaldehyde production rate during the daytime was
relatively small (<10%, on average; see total terms A, B,
and C in Table 3), and is therefore not discussed further
here. The other major contributor to daytime formaldehyde
production was found to be the photolysis of MHP (see
Figure 7b).
[39] The daytime average formaldehyde production and

loss rates during the Saharan dust event (data included in
Figures 7a–7c, but averages not included in Table 3) were
both consistently lower for all source species than for the
rest of the campaign. The total average production rate was
calculated to be 1.00 � 106 molecules/cm3/s and the
average total loss rate was 1.35 � 106 molecules/cm3/s.
These results would imply that local photochemistry at
Izaña was somewhat suppressed during the large dust event.

Further evidence for this conclusion is provided by the fact
that the average daytime calculated OH concentration for
this period was lower (1.72 � 106 molecules/cm3) than for
the rest of the campaign (3.21 � 106 molecules/cm3),
although peak J(O1D) values were virtually identical, on
average (<1% difference).
5.2.2.2. Nighttime
[40] At night the situation was clearly very different, with

the methylperoxy radical reactions taking on more impor-
tance, so that the assumed proportion of this species in the
total peroxy radical population became more critical. Alter-
ing the proportion of methylperoxy present from 0.5 to 0.75
and 0.25 made about 35% difference to the total formalde-
hyde production rate in each case, and this effect could be
even greater if nighttime OH were really lower than the
calculated value of 5 � 104 molecules/cm3. The right-hand
column of Table 3 also shows that even very small amounts
of either isoprene or 2-methyl-3-buten-2-ol present at night
would contribute significantly to the total formaldehyde
production. However, even if this contribution were
neglected completely, Table 3 indicates that the average
sum of the production processes still far exceeded the total
loss rate of formaldehyde at night: in this case the estimated
total production rate would be 5.79 � 103 molecules/cm3,
compared with a total loss rate of 2.80� 103 molecules/cm3.
The mean daily cycle of formaldehyde shown in
Figure 4a indicates that the nighttime mixing ratios of
formaldehyde during MINATROC were quite constant, at
around 0.3 nmol/mol, which implies that the average
production and loss rates during the night should be
comparable, i.e., it seems likely that we have neglected
one or more important nighttime loss processes. The calcu-
lations thus far assume that the only loss process of
formaldehyde at night was reaction with OH. However,
other possibilities not included in Table 3 are reaction with
the NO3 radical and dry deposition. (Wet deposition can be
excluded, since no rain fell at the site during the campaign
period).

Figure 7c. A correlation plot between total estimated formaldehyde production and loss rates.
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[41] If NO3 reaction alone were responsible for the deficit
shown in Table 3, calculation showed that approximately
79 pmol/mol NO3 would be required to provide the requi-
site balancing loss rate, or 55 pmol/mol if the contribution
of mass 69 to formaldehyde production at night were
neglected. Carslaw et al. [1997], in contrast, measured only
up to approximately 20 pmol/mol NO3 at Izaña in May
1994. This suggests in turn that the bulk of the missing loss
rate might be due to dry deposition. Assuming no contri-
bution by NO3 chemistry, and using an average nighttime
mixing ratio for HCHO of 0.3 nmol/mol (Table 2), and a
mixing height of 9700 m (given an estimated tropopause
height of 12,000 m and allowing for the height of the
measurement site), we calculate the dry deposition velocity
of formaldehyde at night for Izaña to be 0.74 cm/s, which
compares reasonably well with the results of Sumner et al.
[2001], who calculated a value of 0.65 cm/s, although this
value was for a forested site. Ayers et al. [1997] adopted a
slightly lower value of 0.5 cm/s for the formaldehyde
deposition velocity at Cape Grim, a marine boundary layer
site on the northwest tip of Tasmania, where this value was
chosen to best match the overnight formaldehyde decay rate
in a box model. These calculations are therefore consistent
with the conclusion that the ‘‘missing’’ loss term shown in
Table 3 may be largely accounted for by dry deposition, but
with a probable small contribution from the HCHO-NO3

reaction.
[42] In contrast with the daytime situation, a comparison

with the Saharan dust event showed that formaldehyde
production and loss rates were on average higher at night
during the latter period than during the rest of the campaign,
owing in this case to the slightly higher mixing ratios of
most of the source species at night (OH was assumed
constant, as noted previously). For the dust event, the total
average production and loss rates were estimated to be
9.71�103molecules/cm3/s and 4.28� 103molecules/cm3/s,
respectively. The deficit between calculated production and
loss rates was therefore also evident during this period.

5.3. Evidence for Dust-Related Production or
Loss of Oxygenated Organic Species?

[43] In this section we assess whether there is evidence of
clear dust-related effects for methanol, acetone, formalde-
hyde and acetaldehyde. From Figures 4a and 4b it can be
seen that the daily cycle of methanol is not significantly
different within the dust period than under normal condi-
tions. The early morning peak is evidence of local emissions
from the forest encircling the island from sea level to
1.8 km. Nighttime methanol levels at Izaña are around
0.75 nmol/mol slightly lower than measurements made in
the tropical Atlantic marine boundary layer (approximately
1 nmol/mol) in October of the same year [Williams et al.,
2004]. This data set therefore provides no compelling
evidence that methanol is strongly affected by the presence
of dust, by either a heterogeneous production or loss. The
same is true of acetone. Increases in the nighttime mixing
ratios of acetone during the dust event can be attributed to
generally higher pollution levels that are also seen in CO. It
was noted by de Reus et al. [2003] that CO and acetone are
generally well correlated in the atmosphere, with a ratio of
21–25 pmol/mol of acetone per nmol/mol of CO. The
increases observed in the nighttime during the dust event

correspond exactly to this ratio, indicating that the dust was
suspended in air richer in acetone and CO than from the
prevailing westerly wind direction.
[44] In the dust-free period the daily cycle of acetalde-

hyde closely follows formaldehyde; see Figure 4a. Both are
photochemical products of hydrocarbon oxidation, and direct
biogenic emissions and both have relatively short atmo-
spheric lifetimes (1–2 days). Compared to the dust-free
period, acetaldehyde levels in the dust storm are higher by
night and lower by day. The higher values at night could be
the result of generally higher levels of pollution in the free
troposphere at the time of the dust event, as with acetone
above. However, since the photochemical lifetime of acetal-
dehyde is short, this implies production is occurring in the
polluted but aged air mass. That ethyl radicals and therefore
acetaldehyde can be produced photochemically from many
species has been shown previously in studies of alkyl nitrates
[Roberts et al., 1998]. A nighttime heterogeneous production
mechanism involving dust cannot, however, be ruled out.
During the day the absolute levels of acetaldehyde are, like
those of formaldehyde, lower in the dust event. This suggests
that a significant production mechanism for acetaldehyde or
formaldehyde on dust is unlikely.

6. Conclusions

[45] The Izaña field site has been characterized for organic
species in July–August 2002. In terms of absolute concen-
tration, the oxygenated species dominate over the alkanes.
The mixing ratios of the organic species (section 4.2) and
the air reactivity coefficients (section 5.1) calculated for the
nighttime period should also be representative of the mid-
Atlantic free troposphere. Of course, OH is very low at
night under these conditions, but the importance of these
results lies in the fact that the total OH sink available will be
the same during the daytime in the free troposphere.
[46] The formaldehyde rate-of-production analysis (see

Figures 7a and 7b and Table 3) showed the importance of
local biogenic sources of this species at Izaña, whether or
not one believes that the entire PTR-MS signal at mass 69
was due to isoprene. Of the other important precursors to
formaldehyde, methanol is also believed to be mainly a
biogenically emitted species [Galbally and Kirstine, 2002],
and the daily cycles of this compound (Figure 4) at Izaña
support this hypothesis. The remaining three important
processes producing formaldehyde involved two further
organic compounds: the reactions of OH with acetaldehyde
and methyl hydrogen peroxide, and also the photolysis of
the latter species. Acetaldehyde may often largely be a
secondary photochemical product, with a number of differ-
ent possible sources, although it is also directly emitted
from vegetation [e.g., Kesselmeier et al., 1997], and methyl
hydrogen peroxide is produced solely through the reaction
of HO2 and CH3O2. Both these compounds are therefore in
themselves good indicators of local photochemical activity,
although it cannot easily be said to what extent they are
biogenic or anthropogenic products.
[47] The differences in average formaldehyde production

and loss rates between the Saharan dust event and the rest of
the campaign, as described at the end of section 5.2, are
suggestive, but it must be stressed that the comparison is not
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between two closely similar air masses, one with a burden
of Saharan dust, the other not. For example, the CO daily
cycles for the two periods (Figure 4) were rather different,
with generally higher CO (and acetone) mixing ratios
observed night and day during the Saharan dust event
compared with the rest of the campaign on average.
[48] No clear production on dust could be ascertained

from measurements of the oxygenated compounds metha-
nol, formaldehyde, acetone and acetaldehyde. In summary,
it probably requires a larger field data set with many more
dust events than the single one provided by MINATROC, as
well as further laboratory investigations, to distinguish any
more subtle chemical effects of Saharan dust on the atmo-
spheric chemistry of the oxygenated organic species.
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