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Hydrogen peroxide in the marine atmospheric boundary layer
during the Atlantic Stratocumulus Transition Experiment/
Marine Aerosol and Gas Exchange experiment

in the eastern subtropical North Atlantic

Daniel Martin,! Maria Tsivou,2 Bernard Bonsang,? Christian Abonnel,3
Thomas Carsey,* Margie Springer-Young,* Alex Pszenny,*> and Karsten Suhre®

Abstract. Gas phase H,0, was measured in surface air on the NOAA ship Malcolm
Baldrige from June 8 to 27, 1992 (Julian days 160-179), during the Atlantic Stratocumulus
Transition Experiment/Marine Aerosol and Gas Exchange experiment in the eastern
subtropical North Atlantic region. Average H,0O, mixing ratios observed were 0.63 + 0.28
ppbv, ranging between detection limit and 1.5 ppbv. For the entire experiment, only weak

or no correlation was found between H,O, mixing ratio and meteorological parameters
(pressure, temperature, humidity, or UV radiation flux) as well as with tracers of
continental air masses (CO, black carbon, radon). The average daily H,O, cycle for the
entire period exhibits a maximum of 0.8 + 0.3 ppbv near sunset and a minimum of 0.4 =
0.2 ppbv 4-5 hours after sunrise. Several clear H,0, diurnal variations have been
observed, from which a first-order removal rate of about 1 X 107> s™! for H,0, can be
inferred from nighttime measurements. This rate compares well with those deduced from
measurements taken at Cape Grim (Tasmania, 41°S) and during the Soviet-American Gas

and Aerosol I1I experiment (equatorial Pacific Ocean).

Introduction

The determination of hydrogen peroxide (H,0,) mixing ra-
tio in the gas phase on a global scale is of interest in atmo-
spheric chemistry investigations for several reasons. First,
H,0, and ozone (O,) are considered to be the major oxidants
of sulfur dioxide (SO,) in the liquid phase (rain, cloud drop-
lets), leading to sulfuric acid. Previous investigations [Penkett et
al., 1979; Calvert et al., 1985] have shown that H,O, is the
predominant oxidant for pH lower than 5, while O, is the
major oxidant at pH greater than 5. It has been observed
[Daum et al., 1984; Finlayson-Pitts and Pitts, 1986] that the pH
of rain or cloud droplets over western Europe and eastern
North America is usually less than 5. This suggests that H,O,
plays an important role in SO, oxidation over these regions.
The second crucial role of H,O, is as a reservoir species in the
odd hydrogen family (H-, -OH, HOy) [e.g., Van Valin et al.,
1990; Heikes, 1992]. These radicals are key species in atmo-
spheric chemistry because they are directly involved in the
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sulfur, nitrogen, and carbon oxidation chains. As a conse-
quence, H,O, can be considered as a diagnostic compound of
gas phase photochemistry and can be used to constrain pho-
tochemical models [e.g., Dollard et al., 1989]. Furthermore,
because H,O, production from HO, radicals competes with
HNO; production, H,O, can be also considered as a clean air
mass tracer [Heikes, 1992]. Finally, adverse effects of H,O, on
plants can occur [Gaffney et al., 1987] and can be severe when
H,0, is abundant in the aqueous phase [Masuch et al., 1986],
although the possible impact of gaseous H,O, has not yet been
clearly demonstrated [Dollard and Davies, 1992].

Hydrogen peroxide is one of many compounds produced by
atmospheric photochemical processes. In the gas phase, H,O,
is mainly produced by hydroperoxy radical recombination:

HOZ. + H02 — H202 + 02 (Rl)

Production of H,0, is therefore linked directly to HO, con-
centration. The rate constant of (R1) depends on temperature
and water vapor mixing ratio [Cox and Burrows, 1979]. Water
vapor reaction with HOj initiates a complex chain [Hamilton
and Lii, 1977; Calvert and Stockwell, 1983] which accelerates
H,0, production:

HO, + H,0 - HO, - H,0 (R2)
HOZ * HZO + H02 i H202 + Hzo + 02 (R3)
2(HO; - H;0) - H,0, + 2 H,0 + O, (R4)

HO,' is produced through ozone photodissociation according
to the following reaction scheme [Daum et al., 1990; Ayers et al.,
1992]:

O;+ hv (A <310 nm) — O('D) + O, (R5)

O('D) + H,0 »2-OH (R6)
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‘OH + CO — H: + CO, (R7)

H- + 0, + M — HO; (R8)

and from photodissociation of formaldehyde [Calvert et al.,
1983]:

HCHO + hAv (A <370 nm) - HCO- + H-  (R9)
followed by (R8) and
HCO- + O, — HO, + CO (R10)

The reaction of ozone with biogenic hydrocarbons (isoprene,
terpenes) also can lead to H,O, formation in forest areas
[Becker, 1990].

O; + terpenes — H,0, + organic compounds (R11)

NO, plays a crucial role in the atmospheric photochemistry of
H,0, [Ehhalt and Drummond, 1981; Finlayson-Pitts et al., 1986;
Kleinman, 1991]. In NO, rich air (few hundred ppt(v)), the

production of H,0, by (R1) competes with
HO, + NO —-OH + NO, (R13)
NO, + ‘OH + M - HNO; + M (R14)

In NO, poor air, (R13) becomes negligible with respect to (R1)
and (R15) [Gunz et al., 1990; Ayers et al., 1992]:

HO, + O;—-OH + 2 0O, (R15)

Sinks in the gas phase are (R16) and (R17).
H,0, + ‘OH — H,0 + HO; (R16)
H,0,+ hv (A <365 nm) —2-OH (R17)

In clean air with low aerosol burden, these reactions are the
main photochemical sink of H,O,; but in the marine boundary
layer (MBL), the removal of H,O, could be augmented by and
potentially exceeded by physical processes such as dry deposi-
tion, incorporation into cloud droplets and aerosols, and scav-
enging by precipitation [Logan et al., 1981; Walcek, 1987, Klein-
man, 1986].

In this paper, we present the results of H,O, mixing ratio
measurements made aboard NOAA ship Malcolm Baldrige,
hereinafter referred to as MB, during the Atlantic Stratocu-
mulus Transition Experiment/Marine Aerosol and Gas Ex-
change (ASTEX/MAGE) experiment. Qur objective here is to
describe the data set and discuss the temporal variability of
gaseous H,0, observed in the marine boundary layer within
the context of the production and removal processes described
above.

Experiment

Hydrogen peroxide mixing ratio measurements were made
continuously aboard NOAA ship Malcolm Baldrige (MB) from
June 8 to 27, 1992 (Julian days 160-179). Hereinafter, Julian
days will be referred to as JD. The measurements were made
with an automatic analyzer (AL1002 model) manufactured by
AEROLASER (Germany) set in a special container on the
flying bridge approximately 15 m above the ship’s waterline.
The sampling line consisted of a 1/4” Teflon FEP line of 5 m
length extending above the deck. The device used the fluori-
metric method described in detail by Lazrus et al. [1986] to
determine H,O, mixing ratios. The analytical technique is
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based on the decomposition of peroxides by p-hydroxypheny-
lacetic acid under the catalysis by the peroxydase and measure-
ment of the resulting fluorescence. In order to distinguish
H,O, from organic peroxides, which both contribute to the
fluorescence signal, H,O, is selectively destroyed in a second
channel by the catalase. The contribution of H,0, is deter-
mined by the difference between the channel signals. A de-
tailed description of the instrument can be found in the work
of Weller et al. [1993]. The detection limit of the instrument is
approximately 50 pptv.

Internal calibration of the instrument is based on a perme-
ation tube (1/16" Teflon line) in a stabilized 30% v/v H,0,
aqueous solution maintained at constant temperature in a per-
meation cell. The H,O, solution was initially calibrated against
standard potassium permanganate solution (2 X 1073 N) at the
beginning of the cruise. The permeation rate was measured
directly on JD 160 and between 174.77 and 174.83 by flowing
zero air into the permeation cell, then bubbling through ultra-
pure deionized H,O. The permeation rate was determined by
comparing the response of the solution produced to that of
freshly prepared 1 X 10~% M H,O, solution. These permeation
rates were, 4.9 and 5.38 ng H,0O, min~!, respectively. These
values, a factor of 2 lower than the permeation rates specified
by the manufacturer, were used for computing H,O, mixing
ratios.

Gas phase H,O, data were recorded on a strip chart and
manually read off as 30-min averages. The accuracy of our
measurements is estimated to be =100 pptv. Because of a
partial destruction of organic peroxides by catalase, Heikes
[1989] suggested that corrections of 10% to 15% should be
applied to the raw data [Weller et al., 1993]. Because it is
difficult to evaluate these corrections precisely, we have not
applied them to our data.

Aerosol black carbon was measured with an aethalometer
[Hansen et al., 1990] set to take readings at 5-min intervals. Air
was fed to the instrument at a flow rate of 20 *+ 1 standard liter
per minute (slpm) through approximately 10 m of polypro-
pylene tubing suspended on a cable running aft from the bow
tower. The inlet of the tubing was approximately 16 m above
the waterline, 10 m aft of the forward bulwark, and fitted with
a rain shield made from a 125-ml polyethylene bottle from
which the bottom had been removed. Raw data were recorded
on a computer. Off line, the four light attenuation data series
were smoothed individually using a nine-point moving average,
and these smoothed values were then used in the algorithm
supplied by the instrument manufacturer (Magee Scientific,
Inc.) to calculate black carbon concentrations. A value of 19 m?
g~ " was used for the specific attenuation of black carbon on the
quartz fibber filters used (Pallflex Tissuequartz 2500 QAT-UP).
The active collecting area of the filters was 0.9 cm? The filter
was replaced with a new one at least once per day.

Concentrations of *?Rn were estimated indirectly via assay
of the nuclide’s short-lived, B-particle emitting daughters
(®"Pb and *'*Bi) in aerosols with a system based on the design
of Larson and Bressan [1978]. Air was drawn through a 10-cm
diameter glass fibber filter (Schleicher & Schuell, No. 29) for
the first 20 min of an 80-min cycle at a flow rate of 0.7 m®
min~'. B-particles were then counted during four 10-min in-
tervals beginning at 1, 11, 40, and 50 min after sampling
stopped. The detector face was centred approximately 1.5 cm
from the filter surface and was shielded from visible light by
covering it with aluminium foil. The filter-detector assembly
was housed in a box secured on a weather deck just forward of
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and below the ship’s navigation bridge. Variations in detection
efficiency were monitored by counting sources of °°Sr-°Y,
210pp.210B;, 34Cl, and **Tc (Dupont NES-261, -200F, -200D,
and 200-B, respectively) centered in fixed geometry in circular
plastic frames that were placed individually in the filter holder
for 2 to 3 min during the daily filter change interval. These data
revealed a strong negative dependence of detection efficiency
on temperature inside the box that housed the filter-detector
assembly. Corrections were possible up to a box temperature
of 30°C but resulted in uncertainties of approximately +30% in
estimated *??Rn concentrations. Conversion of counting data
to ***Rn concentrations was based on Bateman’s [1910]
method.

Ambient air samples for CO measurements were collected
manually from the windward bow at ~10 m above sea level
with a 25-ml, gas-tight, glass syringe covered by black tape.
They were injected into a Carle gas chromatograph fitted with
an analytical column of SA molecular sieve. CO concentrations
were determined by an attached HgO reduction detector using
methods and techniques for samples and standards described
by Piotrowicz et al. [1990].

Results and Discussion

We explore several aspects of the data. First, we summarize
the data for the whole period from JD 160 to JD 179 (June
8-27). Then, to understand the variability of the H,0, mixing
ratio, we analyze the data according to the origin of the air
masses as defined by Carsey et al. [1994] and also by dividing
the data set into three periods characterized by the presence of
a clear diurnal variation of H,O,.

Finally, we derive a first-order rate constant of physical re-
moval of H,O, from those episodes showing a diurnal varia-
tion of H,0,.

Summary of Data Obtained During JD 160-179 (June 8-27)

All data discussed here have been taken during JD 160 and
ID 179 when the MB vessel was moving latitudinally between
27°N and 37°N and longitudinally between 22°W and 26°W in
the so-called ASTEX/MAGE triangle [Huebert et al., 1996].

The time series of H,O, gas phase mixing ratios measured
during the entire cruise is shown in Figure 1. Figure 2 shows
the distribution of the data for the whole period (n = 631).
For this whole period the distribution of H,O, mixing ratio is
lognormal as shown by the statistical summary of the data
given in Table 1. Ninety-five percent of the measured H,O,
mixing ratios are in the range of 0.25-1.2 ppbv with a mean
value of 0.63 * 0.28 ppbv. No measurements have been per-
formed between JD 162.3 and JD 165.0 (June 10-13) when the
ship was downwind of Santa Maria Island (Azores).

Average H,0, mixing ratio are in good agreement with
those reported by Jacob and Klockow [1992] and Weller et al.
[1993] for the same latitudes over the Atlantic Ocean. They
measured 0.96 ppb during fall and 0.5-0.7 ppb in winter, re-
spectively.

Short timescale variations (i.e., less than 2 hours) can be
explained by precipitation events, due to the high solubility of
H,0, in rainwater. Eleven rain events (drizzles or showers)
were encountered during the June 827 period (marked in
Figure 1 by vertical arrows and small triangles when H,O, data
were available). A rapid decrease of H,0, can be observed
after each event except when only light drizzle occurred
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(events on JD 166) or when H,O, was already below detection
limit (e.g., event on ID 179).

The H,0, peak (1.5 ppbv) observed on JD 165.95 can prob-
ably be accounted for by input from the free troposphere,
where H,O, mixing ratios are typically higher than in the
marine boundary layer mainly due to the absence of hetero-
geneous loss processes [Heikes, 1992]. The estimation of the
strength of these processes are one scope of the present paper
and will be discussed later.

The climatological three-dimensional global model de-
scribed by Kanakidou and Crutzen [1993] and performed with
ethane (C,Hy) and propane (C;Hg) chemistry and standard
emissions predicts surface mixing ratios of about 0.65 ppbv for
June at 35°N (M. Kanakidou, personal communication, 1996).
Near-surface mixing ratios calculated by Logan et al. [1981] for
35°N latitude in summer are of the order of 0.7 ppbv. These
values agree very well with our June average value of 0.63 =
0.28 ppbv.

During the field experiment, two intensive Lagrangian ex-
periments were performed [see Huebert et al., 1996] which were
carried out mainly by aircraft, the Malcolm Baldrige being
positioned at the “end point” of each Lagrangian trajectory.
Meteorological conditions during ASTEX/MAGE Lagrangian
experiments have been analyzed by Bretherton et al. [1995].
These two periods are referred to as lag 1 (JD 164.5-166.5,
June 12-14) and lag 2 (JD 170.8-172.8, June 18-20), respec-
tively.

As the Malcolm Baldrige itself was not attempting to move
with the wind during lag 1 and lag 2, it is not possible to analyze
the behavior of H,0, in a Lagrangian context. We have just
marked these two periods in Figure 1 by diamonds (lag 1) and
circles (lag 2). Finally, we note that the highest value of H,O,
(1.5 ppbv) has been observed during lag 1 JD 165.95.

Correlation With Passive Tracers and Air Mass Origin

Is H,0, a tracer for clean air masses? Is has been pointed
out above that the H,0, production competes with the HNO,
production through (R1) and (R13). We can expect that in
polluted air masses with high NO, levels, H,O, mixing ratio
would be lower than in clean air masses (low NO, regime). As
a consequence, H,0, would be a good candidate as a tracer of
clean air masses [Ehhalt and Drummond, 1981]. We are going
to explore this aspect of H,O, using correlation with well-
known passive tracers as radon 222 (***Rn), black carbon, and
carbon monoxide (CO), using in addition air mass back trajec-
tories.

It is well known that *’Rn is emitted primarily from land
surfaces. Because its half-life is 3.8 days, it is considered one of
the best tracers of continental air masses over open ocean
regions. Black carbon is produced by incomplete combustion.
Its background concentration over the northern hemisphere is
about 15 ng m™3 [Cachier et al., 1990; Liousse, 1990]; signifi-
cantly higher concentrations of this tracer are indicative of
combustion. Another useful tracer of polluted air masses is
carbon monoxide. It is produced by combustion of fossil fuels
and its lifetime is about 2 months. Its mixing ratio over the
North Atlantic Ocean has been observed to vary from about 75
to over 200 ppbv [Seiler, 1974; Koppman et al., 1992; Piotrowicz
et al., 1990].

Observed *?Rn concentrations vary between 10 and 30 pCi
m™3; those of black carbon are lower than 25 ng m?, and those
of CO vary between 80 and 140 ppbv.

If no #?Rn, black carbon, or CO data were available for a
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Figure 1. Gas phase H,0O, mixing ratio data time series for (a) Julian days 160-170 and (b) 170-180.
Meterological periods are marked on the upper bound [after Carsey et al., 1992]. On the lower bound, periods
1, 2, 3 show a diurnal cycle, while periods X, Y, Z show a decreasing trend.

particular H,O, measurement, the corresponding concentra-
tion of the missing species has been estimated using linear
interpolation between the two closest available *?Rn, black
carbon, or CO measurements, and this only if the temporal
difference between these measurements and the actual H,O,
measurement has been smaller than 45 min. Otherwise, the
data point has been discarded in the correlation calculations.

Over the whole period (JD = 160-179), no significant cor-
relation has been found neither between H,O, and *’Rn nor
between H,O, and black carbon (with a respective correlation
coefficient of 0.11 and 0.13). For CO, a very low correlation has
been observed (r = 0.29) during this period. While the av-
erage concentrations of these passive tracers, calculated over
the entire set of data for a given situation, are consistent with
the origin of the air mass as derived from back trajectories, no
significant correlation between these parameters and H,O,
except in one case when air masses came from Europe (type I
of Table 2). In this case, Rcc = 0.63 (31 data points), and
R,. = 0.54 (40 data points).

Using back trajectory analysis and atmospheric chemistry
measurements (black carbon to CO ratio), Carsey et al. [1994]
defined four typical origins of the air sampled during the 1992
ASTEX/MAGE cruise. These different meteorological periods
are reported on the upper bound of Figure 1 and are referred
to uninhabited North America and United States (U), clean
marine (C), mixed clean marine, and North America or Eu-
rope (M) and North Europe/North Africa (I). These selected
meteorological periods are reported in Table 2.

We have calculated average H,0, mixing ratio for each of
the above meteorological periods. They all range within 0.6-
0.7 ppb and are thus very close to the average value over the
whole JD 160-179 period. There is no typical value of the
H,0, mixing ratio corresponding to specific type of meteoro-
logical period. Note that air masses sampled during ASTEX/
MAGE typically have been over the ocean for more than 2
days. This means that even for air originating from polluted
European regions, there has been enough time for processing
primary atmospheric pollutants and that we cannot expect to
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Figure 2. Distributions of gas phase H,0O, mixing ratio in near-surface air determined aboard NOAA ship
Malcolm Baldrige for 160-179 Julian days (June 8 to 27, 1992) during the ASTEX/MAGE.

find such strong correlation between H,0, and NO, chemistry
as it is observed in an urban environment.

For transport times longer than 2 days, we lose the signature
of pollution, and we conclude that in these cases the variability
of H,0, should be mainly controlled by local factors. We
deduce that H,O, cannot be used as a tracer for clean air
masses in the atmospheric marine boundary layer, as it could
be over the continent near polluted regions.

Diurnal Variations of H,O, Mixing Ratio

After having discussed H,0, data for the entire ASTEX/
MAGE experiment, we now turn to the discussion of individ-
ual H,O, diurnal cycles. Such cycles are only likely to be
observed when all parameters controlling H,O, are more or
less stable (especially no rain events and no change of air mass
origin). Diurnal variations can also be observed during some of
the periods with a strong H,O, trend, but they are much less
pronounced and cannot be used for the analysis we present in
the following.

As described previously, diurnal variations have been ob-
served during periods (PER) 1, 2, and 3 (=PER A) of the
MAGE experiment (Table 2). PER 2 comprises three succes-
sive daily cycles and has been split into three subperiods (2.1,
2.2, 2.3), each corresponding to a single cycle.

All data have been averaged on an hourly basis. The set of

these five different diurnal variations is reported in Figure 3a.
We have also reported in Figure 3b the diurnal variation of
H,0, calculated over the whole period of the ASTEX/MAGE
experiment, the average variation for PER A, the diurnal vari-
ation observed by Ayers et al. [1992] at Cape Grim monitoring
site (Tasmania, 41°S) during January 1992 (monthly average),
and the one observed by Thompson et al. [1993] during the
Soviet-American Gas and Aerosol (SAGA) III experiment.
This last experiment has been performed during the winter of
1990 in the equatorial region of the Pacific Ocean. To compare
all these sequences, we have plotted in Figure 4 the daily H,0,
variation normalized to the mean value of H,O, for each day
(Figure 4a) and for each long duration period, namely,
MAGE, PER A, SAGA 111, and Cape Grim (Figure 4b).

All curves of Figure 4 show a very similar pattern with a
minimum around 0700 and 1000 and a maximum between 1700
and 2000. The relative amplitude (Figures 4a and 4b) of the
daily variations are very similar and range between 20 and 40%
around the mean values of H,0,. Because of averaging, daily
cycles presented in Figure 4b are less pronounced than the
individually observed in Figure 4a. We note that for all three
experiments (Cape Grim, SAGA III, and the averaged PER
A/MAGE), average daily cycles are very similar to each other
(Figures 3b and 4b).

Table 1. Statistical Parameters of H,O, (in ppbv)
Arithmetic Standard Geometric
Period Mean Deviation Mean Median Distribution

June 8-27 0.63 0.28 0.55 0.60 lognormal
Lag 1 0.80 0.21 0.77 0.80 lognormal
Lag 2 (global) 0.59 0.29 0.52 0.54 bimodal
Lag 2 0.39 0.12 0.37 0.37 mode 1

Lag 2 0.95 0.11 0.94 0.95 mode 2
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Table 2. Definition of Meteorological Periods and Typical
H,0, Periods

Approximate
Notation Times Description Types
Periods Defined by Air Mass Trajectories
Ul 160.0-163.2  uninhabited North America U
U2 163.8-165.4 W winds central North America U
C3 165.4-166.0  clean marine C
M2 166.0-167.12 mixed marine/North America M
C4 167.12-167.5  clean marine C
M3 167.5-167.75 mixed marine/North America M
C5 167.75-168.75 clean marine C
13 168.8-171.7  West Europe/Africa I
M4 171.7-172.3  mixed marine/northern Europe M
14 172.3-174.5  northern Europe I
M5 174.5-177.8  mixed marine/North America M
C6 177.8-178.6  clean marine C
M6 178.6-181.0  mixed marine/North America M
Periods Defined by H,O, Pattern

PER 1 161.2-162.2  diurnal variation A
PER 2 172.7-175.7  diurnal variation A
PER 3 176.2-177.2  diurnal variation A

H,0, also shows an average diurnal variation for the whole
MAGE experiment and this despite the crude averaging. This
daily variation of H,0, during MAGE could be considered as
a climatological variation for June 1992. However, its mini-
mum and its maximum are slightly shifted forward in time
when compared with the averaged PER A or with those of
Cape Grim and SAGA IIL. They occur at 1000 and 2100,
respectively, for the MAGE period.

During nighttime, H,O, has no known important chemical
loss mechanism. The fact that a strong H,O, decrease is, how-
ever, observed during the night thus can only be due to heter-
ogeneous and physical removals (dry deposition, absorption on
sea-salt particles or cloud droplets, precipitation scavenging).
Without these loss processes, H,0, mixing ratio would prob-
ably be much higher than observed in the marine boundary
layer and its diurnal cycle less pronounced. This can, in fact, be
observed in the free troposphere [Heikes, 1992]. On the basis
of the diurnal cycles shown in Figures 4a and 4b, we will now
try to quantify a first-order rate coefficient (K,) for heteroge-
neous H,0, loss in the marine boundary layer.

It is assumed that K, is constant during the night, that
advection can be neglected, and that no significant entrain-
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ment through the top of the marine boundary layer (MBL)
occurs. The validity of these assumptions will be discussed
later. Thus the equation describing the temporal evolution of
H,0, mixing ratio during nighttime can be written as follows:

d[H,0,]/dt = _I-(h[Hzoz] 2

Using average nighttime H,0, mixing ratio ((H,O,])nien
and tendency {(d[H,0,]/dt)on, a loss timescale 7 is in-
ferred:

=K;' = ([H:0:Dugn/ (d[H:0,1/d 1) gt (3)

The estimation of 7, is done for measurements taken be-
tween 1800 and 0600, which is the same time interval as has
been used by Ayers et al. [1992] to derive a K, for the Cape
Grim data set. The slope of the decrease, the mean value, the
standard deviation during nighttime and the inferred K, are
given in Table 3 for each considered period. We observe that
the day-to-day variability displays values between 0.5 X 107>
s~'and 1.6 X 107> s™". The mean value for all the PER A
daily cycles is 0.997 X 10~ s~ which is very close to the 1.0 X
107° s~ ! value deduced by Ayers et al. [1992] for January 1992
at Cape Grim, where seasonal and marine conditions may be
very similar to those encountered during ASTEX/MAGE. For
SAGA III we found K, = 0.7 X 10~% s™'. For the entire
period of the ASTEX/MAGE experiment its mean value is
0.92 X 1073 s~ 1. Of course, calculations for shorter portions of
the diurnal cycle during nighttime yield slightly different re-
sults. It appears that the loss rate derived from mean values for
the three experiments range only between 0.7 and 1.0 X 107>
s~!. The low variability of this parameter is quite surprising if
we consider the different areas and seasons it has been calcu-
lated for.

Tioss

Discussion of Different H,O, Physicochemical Processes

So far, we stated the existence of a nonchemical H,O, loss,
but we did not investigate its origin. Now we are going to
discuss in detail all the processes which can influence the H,O,
variability. The time evolution of H,O, is given by the follow-
ing general equation:

d[H,0,]

- (P1 - L1 * [H,0,]) + P2 - L2 * [H,0,]

Photochemistry

where P, = k, [HO, % and L, = (k,, [OH] + J,,) describe
photochemical processes, with k, being the second-order rate

4

Transport, Physics

Table 3. Average Nighttime H,O, Mixing Ratio (ppbv), Decreasing Slope, and K, for Different Episodes of the PER A
type, after Averaging Over all PER A Episodes, for the MAGE Experiment Period ((160-180), for Cape Grim
[after Ayer et al., 1992], and for SAGA II Experiment [after Thompson et al., 1993]

PER 1 PER 2.1 PER 2.2 PER 23 PER 3

Average nighttime H,O, 1.04 0.64 0.62 0.57 0.91

mixing ratio (ppbv)
Slope, Ppb h™! —3.48E-02 —-3.79E-02 —1.04E-02 -2.81E-02 —-2.46E-02
K,, s 9.26E—06 1.64E-05 4.70E-06 1.36E-05 7.53E-06

(PER A) (160-181) Cape Grim SAGA III

Average nighttime H,O, 0.76 0.68 0.88 0.62

mixing ratio, ppbv
Slope (ppb h™') -2.72E-02 —2.25E-02 -2.19E-02 —1.49E-02
K,, 7Y 9.97E-06 9.18E—-06 6.93E—-06 6.70E-06

Read —3.48E—02 as —3.48 X 10~ 2. Calculations are done for 18000600 time period
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Figure 3. (a) Diurnal variations of H,O, mixing ratio during the different PER A episodes. (b) Averaged
diurnal variation at Cape Grim [Ayers et al., 1992], averaged diurnal variation during PER A episodes, and

during the MAGE experiment.
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coefficient for recombination of HO; radicals, k¢ the rate of
(R16), J,; the photolysis frequency of (R17).

Py = =(V = Venp) * V[H0,] + (w,/2,) * [H,0,}", and
L, = (v4ep + w.)/z, + K,,. These terms describe physical
processes. The first term of P, represents the horizontal ad-
vection, and its second term is due to entrainment processes at
the top of the boundary layer [Lenschow et al., 1981, 1982]. V,
is the horizontal wind vector, V., the horizontal speed vector
of the MB ship, w,, the entrainment velocity, and [H,O,J" the
concentration of H,0, in the free troposphere, K, is the first-
order rate coefficient for heterogeneous and physical removals
(absorption on particles such as sea-salt particles, acrosols,
cloud droplets). Note that K, = Vgep/2, + K. The marine
boundary layer is assumed to be well mixed, so that (4) is
describing the temporal evolution of H,O, in the whole bound-
ary layer column up to the inversion height z;.

It has been tried to derive estimates for the production and
loss terms P1, P2, L1, and L2 by applying a quasi-Newton
optimization method [Numerical Algorithm Group (NAG),
1990] to fit (4) with experimental data for each selected period
(PER A), assuming that P1 and L1 are proportional to the
diurnal variation of UV radiation and that L2 and P2 are
constant during the selected period. Unfortunately, this
method has not been very successful, probably due to the high
variability in the data. However, for data taken in a Lagrangian
context, such an approach would be more promising, allowing
then for a more detailed analysis of the different processes
controlling H,O, mixing ratios.

As it is not possible to gain further insight into the different
H,O, physicochemical processes using the present data, we
will attempt to discuss the different terms in the light of gen-
erally known facts.

Evaluation of P, and L, Terms

Photochemical production
P, = k[HO, T

According to Atkinson et al. [1992], k, can be expressed as
follows: k, = ((K.(T) + K,(P, T)) X f,(T, [H,O]), where
K, (T) represents the bimolecular term, K,(P, T) is a pressure
dependent term, and f, (7, [H,O]) is a water dependent fac-
tor. T is air temperature (Kelvin), and [H,O] is the water vapor
concentration (molecules cm™?). Using T and P observed
during the ASTEX/MAGE experiment, &, can be written as
follows: k&, (cm® molecule ™' s™%) = (2.79 = 0.03) X 1072 X
(1 + 1.4 X 1072' [H,0] X exp (2200/T)). During the exper-
iment, temperature and relative humidity ranged between 16—
22°C and 50-95%, respectively, leading to a minimum of 4.8 X
1072 and to a maximum of 6.7 X 107> cm® molecule ' s™!
for k,, its mean value being 5.8 = 0.3 X 102 cm® molecule ™
s~!. The daily mean [HO)] mixing ratio is expected to range
around 10 ppt (2.7 X 10® molecules, cm~?) (M. Kanakidou,
personal communication), and the estimation of P, is thus
4.2 X 10° molecules cm ™3 s~ (1.6 107> ppb s71).

1

Transport

W,

Py=—(Vy~— f/smp) * V[H,0,] + z [H,0,}

The mean wind speed rarely exceeded 10 m s™', the ship
speed is estimated to about 7 m s~', and the average latitudinal
gradient is about 45 ppt/° [Jacob and Klockow, 1992]. Thus the
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maximum horizontal advection term can be estimated to
around 1.8 X 10° molecules cm *s~"' (7 X 10~® ppbs~'). We
see that the horizontal advection term could account for as
much as half of the photochemical production and that except
during the Lagrangian experiment should be taken into ac-
count.

The second term of P, represents the inputs from the free
troposphere. Its estimation is quite difficult because our knowl-
edge of w,, z,, and H,0, in the free troposphere ([H,0,]") is
very poor during the ASTEX experiment. What we know is the
following:

1. The mixing height z, was only available during the La-
grangian experiments and ranged between 500 and 1600 m
during lag 1 and between 1800 and 2200 m during lag 2.

2. Using three different methods, Bretherton et al. [1995]
estimated w, during Lagrangian experiments. They came to a
consensus of 0.7 = 0.3 cm s™* and 0.6 = 0.3 cm s~ ! for w,
during lags 1 and 2, respectively. On the basis of these esti-
mates we get

2.5%X107%=< w,/z,= 2.0 X 107 s7! during lag 1
1.4 X 107° =< w,/z,= 5 X 107%s7! during lag 2

3. It is also difficult to estimate at least the order of mag-
nitude of [H,O,}" because no H,0, measurements in altitude
were performed during ASTEX/MAGE. Several studies have
reported a high variability (0.02 to 6 ppb) of H,0, in altitude
(see Table 4). Its concentration is usually larger in the free
troposphere than in the MBL. The MOGUNTIA model cal-
culates a zonal mean of 1.1 ppb at 2 km for June. During the
MAGE experiment our maximum value observed in the MBL
was 1.5 ppb and could be interpreted as an input from the free
troposphere. Thus we retain this value of 1.5 ppb for [H,0,}".
This leads to an estimate of the second term of P, to

4.4 X 10* = w,/z#[H,0,]" < 6.5 10° molecules cm 3 s~!
or
(2.1 X 107° =< w,/z, * [H,0,}" = 3.0 x 10~ ppb s~

We see that this term could be as large as or even greater than
the photochemical production.
Photochemical loss

L1 % [HyO,] = (ki[OH] + J17) * [H,0y]

Using average values for OH and H,0,, respectively, equal
to 1.0 X 10° molecules cm~> [Thompson, 1995] and 0.6 ppb
(this work), k,;, = 1.7 = 0.1 10~'2 molecules cm™> 5!
[Atkinson et al., 1992]; the mean daytime value of J,, = 7 X
10~ s ; we obtain for L 1*[H,0,] an estimation of 1.0 X 10°
molecules cm > s7! (3.9 X 107° ppbs™!). Compared to the
processes described above, this term could be neglected in a
first approximation.

Physical loss processes
L, # [HyO5] = ((vaep + w.)/z, + K})) * [H,O,]

This is probably the most difficult term to be estimated
because it involves heterogenecous processes like dry deposi-
tion or adsorption onto particles or export to the free tropo-
sphere. The term ,/z, has been discussed previously. In fact,
the weight of the entrainment process is strongly linked to the
gradient of H,0, at the interface. During MAGE we have seen
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that it could be of the order of 1 ppb leading to a significant
role in replenishing the MBL. On the other hand, Heikes
[1992] has observed that the mixing ratio in the MBL at Mauna
Loa Observatory during the Mauna Loa Observatory Photo-
chemistry Experiment follows the mixing ratio of the free tro-
posphere. Their difference between the marine boundary layer
and the free troposphere is about 0.5 ppbv which leads to a
contribution 2 times smaller than estimated above.

On the basis of the diurnal variations we have been able to
give an estimate of the term K,, = K, + Vyep/Z,- We have seen
that this process could be of the same order of magnitude or
even larger than the chemical production or/and than the ex-
changes between the MBL and the free troposphere.

Thus by the analysis of all those processes, it is clearly dif-
ficult to attribute the derived K, to one precise process, and we
point out the need of a full mesoscale meteorological and
chemical model for a complete understanding of the variability
of H,0, in the MBL. Furthermore, this analysis points out the
need of a best estimate of H,O, in the free troposphere and of
w./z,. This requires a study which will involve simultaneously
both surface and vertical measurements.

For the time being, as seen from the relatively low variability
of K, obtained for the different measurement campaigns, an
approximate value of 0.7 X 1075 to 1.0 X 107> (s~') may be
used for modeling purposes, in order to close the H,0, budget
in the marine boundary layer.

Conclusion

Hydrogen peroxide (H,0,) mixing ratios in near-surface air
were measured continuously onboard the research vessel Mal-
com Baldrige during the ASTEX/MAGE experiment in the
eastern subtropical North Atlantic from June 8 to 27, 1992
(Julian days 160 to 179). Mixing ratios ranged between 0.05
and 1.5 ppbv with a high variability. The mean value and
standard deviation of the data for the whole period were
0.63 = 0.28 ppbv. These values are in good agreement with
previous observations made in the same region by Jacob and
Klockow [1992] and Weller et al. [1993]. Although a high value
of H,O, (1.5 ppbv) was observed during lag 1 at Julian day
165.95 (UTC), it appears that the H,0, mixing ratios generally
observed during June 1992 are representative of the eastern
subtropical North Atlantic Ocean atmosphere in late spring.

No systematic correlations were observed between H,O,
and meteorological parameters, while for some tracers (**?Rn,
black carbon, and CO), significant correlations were observed
only when air masses came from Europe and had a travel time
less than 2 days.

H, O, times series is analyzed according to sequences having
a characterized diurnal cycle. It is pointed out that all these
diurnal variation periods show the same shape with a minimum
between 0700 and 0900 and a maximum between 1700 and
1900. The relative variation of the H,O, mixing ratio ranges
between 20 and 40% around the mean value.

A diurnal variation of H,O, mixing ratio was also observed
during the overall period of MAGE with a maximum between
1630 and 2100 and a minimum around 1030 LT. From all of
these results, a first-order reaction coefficient for physical re-
moval of about 1. X 1073 s is estimated. This mean value is
found to be identical to the value of Ayers et al. [1992] calcu-
lated at Cape Grim in the southern hemisphere and relatively
close to that derived for the SAGA III experiment in the
equatorial Pacific Ocean. The day-to-day variability is found to
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be £50% around the mean value. This coefficient is discussed
according to different physical and chemical processes, includ-
ing the entrainment velocity observed during both Lagrangian
experiments.

In this study, we have shown that H,O, cannot be consid-
ered as an air mass tracer in the marine atmospheric boundary
layer. We have pointed out the crucial role of the heteroge-
neous processes. These processes should be more investigated
in the future. We have pointed out the need of H,0O, mea-
surements in altitude to investigate the exchanges between the
free troposphere and the MBL. Finally, a complete meteoro-
logical-chemical model will be necessary to describe in detail
the variability of H,O, in the marine atmospheric boundary
layer.
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