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Abstract. We describe the diurnal cycle of ozone in the marine boundary layer measured
at Reunion Island (21°S, 55°E) in the western part of the Indian Ocean in
August-September 1995. Results from a box chemistry model are compared with ozone
measurements at Reunion Island. We focus on the peak-to-pedk amplitude of ozone
concentration, since our measurements show a variation of about 4 parts per billion by
volume, which is close to the value obtained by Johnson et al. [1990] during the Soviet-
American Gases and Aerosols (SAGA) 1987 Indian Ocean cruise. Different dynamical
mechanisms are examined in order to reproduce such a variation. We conclude that the
most important one is the exchange between the ozone-rich free troposphere and the
ozone-poor boundary layer. This exchange is supposed to be more important during the
night than during the day, allowing ozone nighttime recovery. This is the key point of the
observed diurnal cycle, since daytime ozone photochemistry is well described by the
model. Then we assume an entrainment velocity equal to 1 mm s~' during the day and 14
mm s~! during the night to closely match our measurements. Topography influences,
together with clouds, are presumed to be responsible for this difference between nighttime
and daytime entrainment velocities of free tropospheric air into the boundary layer at
Reunion Island. Over the open ocean the difference of the turbulent flux of sensible heat
between the day and the night explains the strong ozone nighttime recovery observed by

us and by Johnson et al. [1990].

1. Introduction

Several ozone measurements over the tropical open ocean
show a diurnal cycle of ozone concentration between a maxi-
mum at sunrise, a minimum in late afternoon, and a peak-to-
peak variation of 10—15% corresponding to an absolute vari-
ation equal to 3-4 parts per billion by volume (ppbv) [Oltmans,
1981; Piotrowicz et al., 1989; Johnson et al., 1990; Rhoads et al.,
1997]. We have recently found the same characteristic in our
measurements at Reunion Island.

In this study we show that we can reproduce this peak-to-
peak variation of ozone by considering the capacity of ozone to
recover at night through the exchange between the lower free
troposphere (FT) and the marine boundary layer (MBL). At
Reunion Island, local circulations induced by the interaction
between trade winds and the high mountains can account for a
more important vertical flux of O during the night than during
the day, but it cannot be invoked to explain the strong ozone
nighttime recovery observed over the open ocean.

In the first part of this paper (section 2) we describe the
measurements made at Reunion Island. Second, we examine
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the photochemistry using a model that simulates Indian Ocean
conditions. Although mean concentrations of many species
appear reasonable, photochemical reactions do not reproduce
the observed ozone diurnal cycle. In section 4 we consider
whether dynamics can enharice ozone diurnal variations. It is
shown that the local topography can contribute to stronger
nighttime FT-MBL exchange relative to daytime. This mech-
anism appears to provide additional day-night contrast to ac-
count for the Reunion Island ozone data. Over the open ocean
we show that the relative value between the night and the day
of the turbulent flux of sensible heat can explain the strong
ozone nighttime recovery observed in the tropical marine
boundary layer by Johnson et al. [1990].

2. Experimental Data

The ozone diurnal variation experiment occurred from Au-
gust 22 to September 4, 1995, during the austral winter, in the
marine boundary layer at Reunion Island. Ozone measure-
ments were taken using an electrochemical concentration cell
(ECC) sensor. This ECC sensor is an iodine/iodide redox cell,
with iodide ions being oxidized by ozone. An electrical current
proportional to the quantity of ozone molecules pumped into
the cell is generated. The ozone mixing ratio (ppbv) is calcu-
lated from this current and depends on the total flow rate of
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Figure 1. Mean diurnal concentration of ozone measured at
Reunion Island obtained by averaging the no-rain days.

the pump and the cell temperature. Simultaneous measure-
ments of atmospheric temperature, pressure, and humidity
were done. The relative precision of ECC sensor partial pres-
sure measurements in the troposphere was found to be 6-10%
by field test [Barnes et al., 1985; Hilsenrath et al., 1986].

The equipment was installed on the roof of one of the
buildings on the University of Reunion Island in order to
permit easier access to the electrochemical cells for their main-
tenance. The University of Reunion Island is located at a
height of about 200 m and is 2 km from the ocean. It is
dominated essentially by easterly winds which come from the
ocean.

Our measurements of ozone concentration at Reunion Is-
land were processed as follows: Measurements lasting 15 min
were performed every 60 min. During each 15-min period,
approximately 150 measurements were taken. The first 5 min
are eliminated to allow for the adaptation time of the sensor.
Then an average was done for each quarter hour, to obtain one
measure per hour and to eliminate high frequencies. The
ozone diurnal variation experiment extended for 14 days. Data
from rainy days were eliminated because of the large ozone
depletion which occurred. An average over the 10 remaining
days provided a mean daytime series of ozone concentration
(Figure 1), where a diurnal cycle is immediately observable,
with a daily decrease during daylight hours and a strong night-
time recovery.

3. Photochemical Modeling of Reunion Data

In order to simulate the diurnal cycle of the trace gas con-
centrations in the marine boundary layer, we use a time-
dependent box model which describes the reaction scheme
N,O, — H,O, — CO — CH, (Table 1). In Table 1 the photo-
dissociation rates of each photoactive molecule (the J value)
are calculated using a photochemistry model developed by
Madronich [1987]. For our location of interest, photodissocia-
tion rates are calculated using the date from the beginning of
the simulation (October 10, 1992) and the latitude and longi-
tude of Reunion Island (21°S, 55°E), i.e., over the tropical
open Indian Ocean.

We assume clear-sky conditions, and the radiation calcula-
tion includes an above-troposphere total ozone column of 270
Dobson units (DU), routinely obtained using a zenithal obser-
vations analysis spectrometer (SAOZ) installed at Reunion
Island [Denis et al., 1996], and a sea surface albedo of 0.07, a
value characteristic of water surfaces [Jacob, 1986]. Since sev-
eral reaction rate coefficients are temperature dependent, we
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have simulated a diurnal cycle of temperature, with a minimum
of 282 K just before sunset and a maximum of 291 K at the
beginning of the afternoon.

We use an exponential method to solve the equation gov-
erning the time evolution of gaseous concentrations of the
different chemical species. This method, which has been re-
cently used by Grégoire et al. [1994], is 10 times faster than the
Gear [1971] method and has been described by Chang et al.
[1987].

Table 2 shows the conditions assumed for the model. Since
we did not measure the concentration of chemical species
other than ozone at Reunion Island, we use, as guidance for
the photochemistry modeling, chemical data from the Trans-
port and Chemistry near the Equator in the Atlantic
(TRACE-A) experiment, which took place as part of the
Global Tropospheric Experiment (GTE).

This campaign included 19 flights over the Atlantic Ocean,
on the coast of South America, and over Africa [Fishman et al.,
1994]. The flight which interests us is the eleventh, which
occurred between the African continent and Madagascar
(22.3°S, 39.1°E/36.1°S, 30.7°E) on October 9, 1992 (Figure 2).
This flight provided several measurements of temperature, hu-
midity, O;, NO,, NO,, HNO;, H,0,, CH,, CO, CO,,
CH,0,H, CH,0, HCO,H, and NMHC:s in the unpolluted
marine boundary layer [Heikes et al., 1996].

Since our study takes place at Reunion Island and the data
were taken near South Africa, we justify the use of TRACE-A
data by runping backward trajectories from the location and
the date of TRACE-A flight 11 (Figure 2). We use the three
components of wind fields from the European Center for Me-
dium-Range Weather Forecasts (ECMWF), and possible di-
vergences in trajectories are reduced by running backward
trajectories from points shifted from the arrival point by fixed
amounts in latitude and longitude (=0.5° latitude and +0.5°
longitude, respectively).

The marine origin of the air mass (Figure 2), together with
the low concentration of O;, NO,, CH,, and CO, notably
[Heikes et al., 1996] suggest that the TRACE-A chemical data,
together with Reunion ozone data, form a coherent data set to
simulate the photochemistry of ozone at Reunion Island.

4. Results and Discussion
4.1. Origin of Ozone Nighttime Recovery at Reunion Island

Our measurements also show a maximum at sunrise, a min-
imum in late afternoon, and a rough peak-to-peak amplitude
of 4 ppbv (Figure 1). These results imply a daytime photo-
chemical destruction and a significant nighttime production of
ozone. In view of the processes governing ozone concentration,
this production may be related to a nonphotochemical expla-
nation.

To some extent, the ozone diurnal cycle results from pho-
tochemical processes. During the day, ozone concentration is
closely tied to the NO, (NO + NO,) level, since the ozone
formation is expected to be negative if NO, concentration is
low (less than 20 parts per trillion by volume (pptv); see Table
2). This condition is characteristic of a nonpolluted marine
atmosphere such that we observe in the marine boundary layer
of Reunion Island. Indeed, the reaction schemes (R1)-
(R104)-(R2), (R15)~(R13), and (R7) are more efficient than
the conversion of NO to NO, (R18)-(R19), followed by
(R17)~(R101) when NO, concentration is low.

The question becomes, How does ozone recover at night?



Table 1. Reaction Scheme
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Reaction
No. Reaction Notation

(R1) 0, + hv » 0'? 1+ 0, diurnal variation

(R2) 0, + OH- > HO,- + O, 1.6 X 10712 exp (—940/T)

(R3) O; + HO, - — OH - + 20, 11 X 10“‘:3exp (—500/T)

(R4) 2HO, - —» H,0, + O, (2.3 X 107" exp (600/T) +
1.7 X 107 [M] exp
(1000/T)) X (1 + 1.4 X
10~2' [H,0] exp (2200/

RS5) H,0, + hv — 20H - diurnal variation

(R6) H,0, + OH - — HO, - + H,0 3.3 X 10712 exp (—200/T)

R7) CH,+OH:-+ 0, + M—>CH;0,-+ H,O+ M 2.3 X 1072 exp (—1700/T)

(R8) CH,0, - + HO, - - CH;0,H + O, 40 x 10712

R9) CH,0,H + O, + hv -»CH,0 + HO,- + OH - diurnal variation

(R10) CH,0,H + OH - — CH;0, - + H,0 5.6 X 10712

(R11) CH,0,H + OH- - CH,0 + OH - + H,0 44 x 10712

R12) CH,0O + 20, + hv — CO + 2HO, - diurnal variation

(R13) CH,0 + hv - CO + H, diurnal variation

(R14) CH,O + OH- + O, —» CO + HO, - + H,0 1.1 x 1071

(R15) CO + OH- + 0, —» CO, + HO, - 23x 107V

(R16) NO + O, = NO, + O, 2.0 X 1072 exp (—1400/T)

(R17) NO, + hv - NO + O diurnal variation

(R18) NO + HO,*—NO, + OH - 3.7 X 1072 exp (240/T)

(R19) NO + CH,0, - + O, = NO, + CH,0 + HO, - 4.2 X 10712 exp (180/T)

(R20) NO, + OH:+ M — HNO; + M 1.2 x 1071

(R21) HNO,; + hv - NO, + OH - diurnal variation

(R22) HNO,; + OH - = NO; - + H,0 72 %1071 exp (785/T) +
1.9 x 107 [M] exp
(725/T)/(1 + 1.9 X 10733
o e

e

(R23) CH,0 + HO, - & O,CH,0H 6.7 X 10‘,sg exp (450/T)

(R24) 0,CH,OH + HO, - - HCO,H + H,0 + O, 2.0 x 10712

(R25) 0O,CH,0OH + NO + O, - HCO,H + NO, + 7.0 X 10712

HO, -

(R26) 0,CH,0H + O,CH,0H — 2HCO,H + 2HO, * 12 x 1071

(R27) HCO,H + OH - + O, —» CO, + HO, - + H,O 32x 1078

(R28) NO;-+ hv - NO + O, diurnal variation

(R29) NO;- + hv - NO, + O diurnal variation

(R30) N,O5; + hv — NO, + NO, - diurnal variation

(R31) NO, + O; = NO; - + O, 1.4 X 10713 exp (—2500/T)

(R32) NO + NO, - — 2NO, 1.7 X 10~ exp (150/T)

(R33) NO, + NO; -+ M - N,0; + M 8.1 x 107! (T/300)~*!

(R34) N,O; + M —>NO, + NO,- + M 4.6 x 10'¢ (T/300)** exp
(—11080/T)

(R35) N,O; + hv > NO + NO,++ O diurnal variation

(R101) 0+0,+M—=>0,+M 6.0 X 10734 (T/300)~23

(R102) oD + N, -0 +N, 1.8 X 107! exp (107/T)

(R103) oD + 0,-0+0, 3.2 X 107 exp (67/T)

(R104) o® + H,0 —20H - 22 x 1071

(R105) O; +hyv—>0+0, diurnal variation

One likely explanation is dynamics. Ozone nighttime recovery
can take place by two different possible means [Paluch et al.,
1992]: vertical transport through the inversion or horizontal
transport from the descending branch of the Hadley cell near
30° south latitude by southeasterly wind. By these two ways,
free tropospheric ozone is introduced into the marine bound-
ary layer.

Lenschow et al. [1988] show results obtained during the Dy-
namics and Chemistry of Marine Stratocumulus (DYCOMS)
experiment by Kawa and Pearson [1989], who estimate an en-
trainment velocity of dry O,-rich air of the free troposphere
into humid Os-low air of the marine boundary layer equal to 2
mm s~ with a range of 1-5 mm s~ ! in cloudy conditions. This
entrainment velocity reflected turbulence processes at the top
of the boundary layer in the presence of stratocumulus. At

Table 2. Model Conditions

Model Mean Daytime TRACE-A Observed
Species Mixing Ratio Mixing Ratio
0O, 29.1 ppbv 28-31 ppbv
OH 0.25 pptv not measured
HO, 14.4 pptv not measured
H,0, 1.0 ppbv 0.9-1.4 ppbv
CH,0, 42 pptv not measured
NO 3.0 pptv 3.0-4.5 pptv
NO, 8.9 pptv 21-27 pptv
HNO, 74 pptv 160-200 pptv
NO,; 0.06 pptv not measured
N,Os 0.005 pptv not measured
HCOOH 0.41 ppbv 0.34-0.68 ppbv
co 69 ppbv 67-74 ppbv
CH,O 276 pptv 130-160 pptv
CH,O00H 0.73 ppbv 0.71-0.73 ppbv
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Figure 2. Backward trajectories starting from 23° south latitude on October 9, 1992, using the three
components of wind fields from the European Center for Medium-Range Weather Forecasts (ECMWEF).

Reunion Island the presence of clouds is more important dur-
ing the day than during the night, which is often cloud-free
during austral winter. This is due to the interaction between
trade winds and Reunion Island mountains, which leads to the
formation of orographic clouds during the day on the slopes of
the island and to their evaporation at night by downslope winds
(Figure 3). However, Betts and Boers [1990] suggest that ver-
tical mixing across the inversion should be more efficient in
clear conditions than in cloudy conditions. This is due to a
gradual temperature inversion in clear-sky conditions versus a
sharp inversion in the presence of clouds due to the enhance-
ment of turbulence in the upper part of the boundary layer. A
decrease of the potential temperature gradient below the in-
version results from this mixing, leading to sharp temperature
jumps at the inversion [Paluch and Lenschow, 1991]. These
thermodynamic profiles are commonly observed at Reunion
Island, as shown in Figure 4, which depicts the vertical profiles

5000 -

of potential temperature and dew point observed at Reunion
Island in clear conditions on September 20, 1995 (Figure 4a),
and in cloudy conditions on October 5, 1995 (Figure 4b). In
Figure 5, which shows the corresponding ozone profiles, it
appears clearly that the ozone exchange between the lower
free troposphere and the marine boundary layer at tempera-
ture inversion level is very weak in cloudy conditions relative to
clear conditions. Indeed, the strength of this exchange can be
characterized by the gradient of ozone concentration between
2.2 and 2.4 km (i.e., near the top of the marine boundary
layer), which is very strong in cloudy conditions (Figure 5b),
reflecting weak exchanges relative to clear conditions (Figure
5a), where exchanges are more important.

Donahue and Prinn [1990] suggest a sudden marine bound-
ary layer deepening at dawn which would bring free tropo-
spheric air with high ozone concentration into the marine
boundary layer. In the case of a high island like Reunion

2500 -

ELEVATION (m)

1500 4

Reunion Island
Mountains

Figure 3. Conceptual scheme of the interaction between Reunion Island mountains and southeasterlies
during the night: Land breeze downslope winds are enhanced by bolster eddies. This figure [from Garret,

(1980)] is adapted to Reunion Island.
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Figure 4. Thermodynamic profiles on (a) September 20,
1995 (clear conditions); and (b) October 5, 1995 (cloudy con-
ditions).
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Island, another explanation can be proposed. Indeed, during
the night, above and below the temperature inversion, bolster
eddies resulting from the interaction between mountains and
easterlies enhance the land breeze (Figure 3). During the night
the combined action of easterly bolster eddies and land breeze
downslope winds induces a mixing between ozone-rich air orig-
inating from above the inversion and low ozone concentration
air from the boundary layer, the region concerned being char-
acterized by weak unsteady and turbulent winds [Oke, 1978].
Moreover, the high mountains of Reunion Island force the
lower tropospheric flow (southeasterlies) around them, since
the much greater volume of easterlies relative to land breeze
demands that most of the mass flux be deflected around the
island (Figure 6) [Garrett, 1980; Ramage, 1978]. The air from
the mixing region can be transported around the island, nota-
bly over the north part of the island where we have done the O;
measurements, since the mean observed wind direction at the
station during the measurement period was east-southeast
(Figure 7). This way of ozone nighttime recovery at the mea-
surement station is not the only one, since the measurement
station air can come directly from the just above lower free
troposphere through the land breeze along the northern slopes
of the island (Figure 6). This last case is generally observed
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Figure 5. Vertical ozone profiles on (a) September 20, 1995
(clear conditions), and October 5, 1995 (cloudy conditions).

during periods when trade winds are weaker than during the
measurement period, which corresponds to the annual maxi-
mum of trade wind strength.

The greatly enhanced nighttime variability which appears in
Figure 1 is then tied to the dynamic origin of ozone nighttime
recovery. Indeed, the strength and the time of establishment of
these local circulations are highly variable following the large-
scale conditions, especially the direction and strength of trade
winds. Since the data have been simply averaged, the variability
is enhanced during the night relative to the day, where the
main driving parameter is the photochemistry, which does not
vary from day to day in clear-sky conditions.

Ozone in the marine troposphere has an estimated photo-
chemical lifetime of about 17 days [Liu et al., 1992], suggesting
possible contamination at one particular location by long-
range transport. However, Liu et al. [1992], observing the near
balance between ozone production and loss at Mauna Loa
Observatory, suggest that this balance controls the ozone con-
centration such that transport processes would be negligible.
Furthermore, as highlighted by Johnson et al. [1990], in the
remote marine tropical atmosphere, both a high water vapor
concentration and a large UV flux favor a shorter lifetime of
ozone. Thus, under these climatological conditions, Smit et al.
[1988] found approximately 4 days for O; photochemical life-
time. The timescale for ozone contamination through Hadley
circulation is too long for the daily phenomenon we are look-
ing at.

We assume that a more important vertical flux of O; during
the night than during the day is relevant for describing the O,
diurnal cycle. Indeed, using a constant entrainment velocity,
the model does not simulate the measured 3—4 ppbv variation
of ozone concentration (Figure 8, dashed line). The values 1
mm s~ ! (daytime) and 14 mm s™* (nighttime) associated with
a 40 ppbv of ozone concentration just above the inversion
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Figure 6. Map of Reunion Island showing the location of the measurement station and the different
observed winds. Solid arrows represent southeasterlies; open arrows show the location of foehn; dashed
arrows show the location of sea breeze during the day: and the dash-dotted arrows show the location of land

breeze during the night.

(Figure 5) [Baldy et al., 1996] closely match our measurements,
whereas weaker nighttime entrainment velocities underesti-
mate the ozone nighttime recovery and stronger nighttime
entrainment velocities lead to an overestimate of MBL ozone
concentration (Figure 8). Note that these diurnal cycles of
ozone variation are obtained after the simulation of several
diurnal cycles until convergence was obtained. We use the
convergence criterion defined by Chameides [1984], i.e., a vari-
ation by less than 1% of the noon concentration of all the
species between two successive diurnal cycles.

Our daytime entrainment velocity (1 mm s~') can be com-
pared with the value of 1-5 mm s~* deduced by Kawa and
Pearson [1989] during the day. Our diurnally averaged entrain-
ment velocity (7 mm s™!) lies between the constant value (5
mm s~ ') assumed by Heikes et al. [1996] and the value esti-
mated by Anderson et al. [1993] between 1100 LT and 0010 LT
the next morning (11 mm s™*).

4.2. Origin of Ozone Nighttime Recovery Over the Open
Ocean

First we have to examine the possibility of occurrence of the
3-4 ppbv of ozone nighttime recovery in the tropical marine
boundary layer over the open ocean. Let us consider the ide-
alized case depicted in Figure 9, where z; represents the top of
the marine boundary layer, A8 is the strength of the tempera-
ture inversion, q,, and g, are the ozone concentration in the
marine boundary layer and in the free troposphere, respec-
tively, and Agq is the difference between q,,, and g,.

The turbulent fluxes of sensible heat at ground (mark 0) and
at the mixed-layer top (mark e) are

Hy=pC,(w'8"), (1

H,=pC,(w'0'), 2)
respectively. Considering that the nocturnal tropical marine
boundary layer is convective, the heat flux at the top of the
mixed layer can be matched with the entrainment flux, and we
have [Carson, 1973]

H,~ —aH, 3)
where « is typically about 0.2.

We parameterize the cinematic fluxes of entrainment of heat
and ozone using the following two equations:

(w'e'),~w,AB 4)

w'q"). =~ wlq (%)
where w,, is the mean entrainment velocity. Then we suppose
that we have a net entrainment of free tropospheric air within
the boundary layer.

Using (4) and (2) in (5), the cinematic flux of ozone entrain-
ment can be approximated by

H,
CP

w'q').=

l>|l>
S JEN)

(6)

b~

If 8q is the enhancement of ozone within the entire boundary
layer,
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(w'q’).
8q = — Z, (7)
we deduce from (7), (6), and (3) the following expression:
Hy 1 Aq
®)

quaEC—pzﬁ

Using the following values to describe the nocturnal tropical
marine boundary layer: Hy ~ 100 W m™% « ~ 0.2; pC, =
1.3 X 10°Tm™2K™%; Z, ~ 1000 m; Ag ~ 15 ppbv; and A8
~ 3 K; we obtain 8¢ ~ 0.3 ppbv h™'. Then this value is
sufficient to recover 3—4 ppbv of ozone during the night. Nat-
urally, this scheme is not strictly representative of the real
vertical profiles of temperature and ozone concentration, but it
allows us to examine the possibility of ozone nighttime recov-
ery to match 3—4 ppbv. In particular, in order to simplify, we do
not take humidity into account in this calculation. Neverthe-
less, as highlighted by Wyngaard [1988], the entrainment-
induced turbulence can extend through the mixed layer to the
surface, particularly in the presence of high humidity.

If this strong ozone nighttime recovery is physically coher-
ent, however, we have to examine why the FT-MBL exchange
is stronger during the night than during the day. Looking at
equation (8), we see that the parameters which are changing
with time of day are A9 and H,. Indeed, the height of the
marine boundary layer does not change between the day and
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Figure 8. Simulated diurnal variation of ozone concentration using a daytime entrainment velocity equal to
1 mm s~ and a nighttime entrainment velocity equal to 1 mm s~ * (dashed line), 5 mm s~ ! (dash-dotted line),

14 mm s~ ! (solid line), and 30 mm s™! (dotted line).
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Figure 10. Diurnal variation of ozone concentration measured during the SAGA 87 Indian Ocean cruise
[Johnson et al., 1990] (dashed line) and mean diurnal variation of simulated ozone concentration (solid line).

the night [LeMone, 1978], and we assume the same character-
istic for Ag. The stronger daytime relative to nighttime tem-
perature inversion (A6) due to nighttime cooling of the air
above the inversion is a commonly accepted characteristic of
the boundary layer evolution with time of day. The turbulent
flux of sensible heat (H) is clearly stronger during the night
than during the day over a warm ocean. Thus Moeng et al.
[1992] defined a flux equal to 240 W m~2 for their simulation
of the clear nocturnal marine boundary layer, while most of the
daytime measurements of this flux give a value between 10 and
30 W m™2 over the tropical ocean [LeMone, 1978]. Note that
for the above calculation, a more than twice reduced heat flux
(100 W ™2 against 240 W m~2) is sufficient to match the 3-4
ppbv of ozone nighttime recovery. The difference in heat flux
between the day and the night can be explained by the fact that
the ocean temperature remains constant (less than 0.5 degrees
of variation) when the air temperature varies with time of day.
The difference in temperature between the ocean and the air
is stronger during the night, enhancing the turbulent flux of
sensible heat. Moreover, the daytime radiative heat flux tends
to decrease the net heating rate of the air in the boundary
layer, leading to the reduction of daytime surface heat flux
[Tennekes, 1973].

Using a constant 1-km-depth boundary layer and assuming a
nighttime entrainment velocity of 5 mm s~! for the first hours
of the night, 14 mm s~! for the following night hours, and a
daytime entrainment velocity of 1 mm s~?, our model simu-
lates well both the ozone nighttime recovery and the daytime
photochemical destruction relative to the Johnson et al. [1990]
measurements (Figure 10). We have defined two nighttime
entrainment velocities (5 and 14 mm s™') in order to closely
match the measurements. Indeed, they clearly show that the
ozone nighttime recovery is stronger during the second part of
the night relative to the first. This can be easily explained by
the fact that the turbulent heat flux is weaker following dusk
than before dawn in relation to the air-sea temperature differ-
ence. In Figure 10 we can see that the model destroys ozone
more rapidly than what is observed. We think that the averag-
ing over 20° of latitude (10°-30° south latitude) is the cause of
this slower daytime photochemical destruction.

4.3. Related Photochemistry

In this section we will highlight the influence of the stronger
nighttime FT-MBL exchange and the associated 3—-4 ppbv of
diurnal variation of ozone concentration on the diurnal cycle of
related species. The results of our simulations will be com-

pared to TRACE-A data (Table 2). We will focus on charac-
teristics at remote maritime locations, especially in the tropics
of the southern hemisphere.

Ozone O,. Integrating the diurnal cycle of ozone concentra-
tion (Figure 8, solid line), we calculate the “ozone production
potential” (OPP) using the following formula:

OPP = k[NO]J[HO,] + k;[NO][CH;0;] — [O4] - {k,[OH]
+ ks[HO,1} — k10 [O('D)][H,0]

We find —3.7 ppbv O, per day, for an average concentration
equal to 29 ppbv O;. This value is coherent with the values
calculated on Soviet-American Gases and Aerosols (SAGA) 3
by Thompson et al. [1993), since they find that the OPP in a
low-NO, environment should be negative and that it is mainly
dependent on the concentration of ozone. Note that the ratio
OPP/mean[Os], i.e., the inverse of the photochemical lifetime
of O,, is equal to 0.12 for our simulations and near the value
0.11 obtained by Thompson et al. [1993] at 10°N.

Nitric oxide NO, nitrogen dioxide NO,, and nitric acid
HNO,;. Whether ozone is formed or destroyed depends on
the NO, (i.e., NO + NO,) concentration. Indeed, NO levels
lower than ~10 pptv normally lead to the net destruction of
ozone [Lelieveld and Crutzen, 1991; Thompson, 1994]. This
corresponds to approximately 10-30 pptv of NO,, these con-
ditions being generally characteristic of the nonpolluted ma-
rine boundary layer. Our model simulations of the NO diurnal
behavior give a mean daytime value of 3 pptv, which agrees
with TRACE-A measurements (Table 2).

Note that the NO, concentration measured on the
TRACE-A flight is higher than that simulated by our model.
We think that this strong concentration of NO, relative to the
NO low level is not characteristic of a pure marine boundary
layer, since the NO,/NO ratio varies from 4.9 to 7.8 and the
related HNO, concentration is too high. Indeed, the conver-
sion of NO and NO, to HNO; has a time constant of about 1
day, while the conversion of HNO; back to NO + NO, re-
quires 3—4 weeks [Logan et al., 1981]. So Torres and Thompson
[1993] show that HNO, buildup leads to a net loss of NO,,
because HNO; acts as a reservoir compound having a 1- to
2-week lifetime, depending on aerosol or precipitation scav-
enging rate. Therefore the high concentration of nitric acid on
this part of TRACE-A flight 11 is not characteristic of a pure
marine boundary layer but may result from a mixing between
polluted free troposphere and boundary layer air.

Our HNO, simulated mean daytime mixing ratio is 74 pptv,
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Figure 11. Simulated diurnal cycle of H,0, concentration.

which is less than TRACE-A data (160-200 pptv) but com-
pares favorably with LeBel et al. {1990] measurements in the
remote marine boundary layer during NASA/GTE/CITE 2
(Chemical Instrumentation Test and Evaluation) (62 pptv) and
with GAMETAG (Global Atmospheric Measurements Exper-
iment on Tropospheric Aerosols and Gases) measurements
(70 pptv) [Huebert and Lazrus, 1980].

NO and NO, show strong diurnal variations, the first one
being formed during the day, while the second is destroyed.
These behaviors are in good agreement with Donahue and
Prinn’s [1990] simulations. However, during the night our sim-
ulations show a replenishment of NO,, while Donahue and
Prinn [1990] found a slight decrease. This is due to our as-
sumption of stronger nighttime FT-MBL exchange, this source
exceeding the sea surface deposition sink for NO, during the
night.

Hydrogen peroxide H,0, and methylhydrogen peroxide
CH,0,H. The diurnal variation of H,O, is due to daytime
formation of CH;0, and HO,, balanced by the oxidation and
photolysis of OH. We simulate a mean daytime mixing ratio of
about 1.0 ppbv, which corresponds well to TRACE-A data
(0.9-1.4 ppbv). Our simulated diurnal variation is comparable
to that obtained by Thompson et al. [1993], showing a maxi-
mum in midafternoon and a minimum 2 hours after sunrise
(Figure 11), this minimum coinciding well with their measure-
ments. However, we obtain a peak-to-peak amplitude multi-
plied by 2.5 relative to the measurements showed by Thompson
et al. [1993]. This is normal if we take into account that we
simulate 1 ppbv of H,0, and 4 ppbv of diurnal variation of O,
relative to 0.6 ppbv of H,O, and 1 ppbv of diurnal variation of
O; on SAGAS3, respectively. Indeed, the larger peak-to-peak
amplitude can be correlated to that of O, since H,O, is formed
from the reaction between two HO, molecules (reaction (R4),
of which the large part is due to reactions involving OH (re-
actions (R14)-(R15)), which is mainly produced by the pho-
tolytic destruction of O; (reactions (R1) and (R104)). Here
then appears another important influence of the strong ozone
nighttime recovery at Reunion Island.

The methylhydrogen peroxide (CH;0,H) mean daytime
concentration simulated by our model is 0.73 ppbv, which is in
good agreement with TRACE-A data (Table 2). The simulated
diurnal variations of CH;O,H (Figure 12) are similar to those
simulated by Thompson et al. [1993] and to those observed on
SAGA3, i.e., a minimum 2 hours after sunrise followed by a
sharp buildup, leading to a maximum at about 1500 LT. How-
ever, we find a peak-to-peak amplitude of 600 pptv against 200
pptv for Thompson et al. [1993] on SAGA 3. This higher peak-
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to-peak amplitude can be correlated to that of O in the same
way as for H,0,, considering CH;0, in addition to HO,,
pointing out another major influence of stronger nighttime
FT-MBL exchange on marine boundary layer photochemistry.

Carbon monoxide CO. In the gas phase the reaction of CO
with OH (reaction (R15)) is very important, since this reaction
is the main sink for OH and for CO (80-90% for Novelli et al.
[1992] and the unique CO sink in our model). The formation
of CO from CH,O (reactions (R12)-(R13)—(R14)) is the larg-
est known source of CO.

CO mixing ratios have often been measured in many regions
of the Earth. These measurements show that CO concentra-
tions vary both latitudinally and seasonally and that a realistic
concentration for pristine oceanic air at 20° south is 55-70
ppbv [Novelli et al., 1992]. Our simulations show a mean day-
time mixing ratio of 69 ppbv, which reproduces well the marine
boundary layer TRACE-A data (67-74 ppbv).

We simulate a diurnal variation of about 2 ppbv CO, which
agrees well with measured CO diurnal variations of tropical
Pacific cruises [Johnson et al., 1991]. Only the assumption of
stronger nighttime FT-MBL exchange relative to daytime ex-
change, such as considered in our model, allows us to simulate
this 2 ppbv of CO diurnal variation.

5. Summary and Conclusions

In this paper we focus on the marine boundary layer diurnal
cycle of trace gas concentrations in relation to a strong night-
time recovery of ozone. Indeed, both our measurements at
Reunion Island and those of Johnson et al. [1990] show a sharp
decrease of ozone concentration between sunrise and the late
afternoon, with a variation of 3-4 ppbv. This variation is as-
sociated with a significant ozone nighttime recovery, which can
be explained by greater exchange during the night than during
the day between the lower free troposphere and the marine
boundary layer. Topographical influence can explain this
strong nighttime FT-MBL exchange at Reunion Island, while
stronger nighttime turbulent heat flux of sensible heat can be
invoked over the open tropical ocean. Using a time-dependent
box chemistry model, we have simulated well these observed
diurnal variations of ozone considering an entrainment veloc-
ity of 1 mm s~! during the day and 14 mm s~ ' during the night.
We use data from flight 11 of TRACE-A between south of
Africa and Madagascar as guidance for our simulation of the
photochemistry of the marine boundary layer. Thus we have
simulated the influence of this vertical exchange, which is more
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intense during the night than during the day, on the diurnal
cycle of the other trace gases in the marine boundary layer.
The main influence is observed on the diurnal cycles of H,O,,
CH,0,H, and CO, since their peak-to-peak variations of con-
centration are enhanced by a factor of 2-3 relative to previous
measurements [Thompson et al., 1993]. This study, which tries
to explain strong diurnal variations of several trace gas species
in the marine boundary layer, leads us to plan more complete
experiments at Reunion Island, including simultaneous mea-
surements of at least O5;, CO, H,O,, and CH;0,H, in order to
further our understanding of the marine boundary layer pho-
tochemistry.
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