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Abstract

Isoprene (2-methyl-1,3-butadiene) was measured on board of R/V Mirai for eight air samples and 14 seawater

samples collected in the western North Pacific during ACE-Asia campaign (from 18 to 26 May 2001). The

measurements were conducted in situ using a cryo-focus/gas chromatography/mass spectrometry (Cryo/GC/MS).

Concentrations of isoprene ranged from 7.2 to 110 parts-per-trillion (pptv) in the marine air, and ranged from below 12

to 94 pmol l�1 in the seawater. Based on these results, sea-to-air fluxes of isoprene were calculated to be 184 and

300 nmolm�2 day�1 for two samples, and the upper limits of the fluxes were also calculated to be from 32 to

300 nmolm�2 day�1. Atmospheric isoprene concentrations cannot be explained only by the flux from the seawater.

Thus, the concentrations of isoprene in the marine air in western North Pacific should be significantly affected by

terrestrial vegetational emission and subsequent long-range atmospheric transport of isoprene.

r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Non-methane hydrocarbons (NMHCs) of both bio-

genic and anthropogenic origin are important species in

controlling the atmospheric chemistry. First, they react

with atmospheric oxidants, and act as a sink of the

oxidants such as OH (except for the condition with high

concentration of NOx), which is the most important

oxidant in the atmosphere. Second, some oxidation

products of NMHCs are known to condense to form

atmospheric particles. Such aerosol particles play

important roles in scattering the solar radiation and

act as cloud condensation nuclei. Therefore, the emis-

sions of NMHCs to the atmosphere may have important

effects on a global scale climate system. Isoprene (2-

methyl-1,3-butadiene) is highly reactive in the atmo-

sphere and its emission rate in a global scale is the

largest among all the NMHCs, being estimated to be

500Tg yr�1 (Guenther, 1999).

Isoprene is known to be emitted from terrestrial

vegetation; however, recent studies revealed that iso-

prene is also released from the ocean (Bonsang et al.,

1992; Yokouchi et al., 1999). The emission rate of

isoprene from the ocean to the atmosphere has been

estimated to be 1Tg yr�1 (Bonsang et al., 1992;

Guenther, 1999). As a sparingly soluble gas, sea-to-air

flux of isoprene can be calculated from its transfer

velocity in the seawater, solubility and difference in

the concentrations between the ambient air and
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surface seawater. Milne et al. (1995) reported isoprene

emission rate in Florida coast, ranging from 9.51 to

101.2 nmol m�2 day�1. Broadgate et al. (1997) reported

the seasonal variation of isoprene emission rates (1.4–

68 nmol m�2 day�1) in the North Sea and Southern

Ocean.

Although its emission and degradation of isoprene

in the continents are relatively well known by

previous studies, there are only few reports about the

emission rate and distribution of isoprene in the open

ocean. Especially, the production and degradation

balance of isoprene in the North Pacific have rarely

been studied. In addition, the oceanic isoprene should

mostly react with the oxidants such as OH, ozone and

chlorine atoms in the marine atmosphere (Tuazon and

Atkinson, 1990; Atkinson, 1990; Keene et al., 1993;

Ragains and Finlayson-Pitts, 1997), serving as a sink for

the oxidants in the marine boundary layer. In this study,

we report the distributions of isoprene concentrations in

the marine atmosphere and surface seawater in the

western North Pacific, and determined its sea-to-air

fluxes.

2. Experimental section

2.1. Sampling site and GC/MS system

The sampling of marine air and seawater was

conducted in the western North Pacific along the

1461250E transect (from 301450N, 1461250E to

351450N, 1461230E) during the cruise of R/V Mirai

(MR01-K02, Japan Marine Science & Technology

Center) as part of the ACE-Asia (Asian Pacific Aerosol

Characterization Experiment) campaign (from 18 to 26

May 2001). Fig. 1 shows the map with the sampling

sites. Eight air and 14 seawater samples were analyzed in

this study.

In order to avoid the potential degradation and

production of NMHCs during sample storage, in situ

measurement is sometimes required for biogenic and

reactive compounds such as isoprene in seawater.

Hydrocarbon analysis using the cryo-focus preconcen-

tration system generally needs liquid N2 for cooling

traps; however, there is a difficulty in using and loading

the liquid N2 on a ship in the open ocean. We developed

the cryo-focus preconcentration system that does not

require liquid N2, but needs only liquid CO2 as the

cooling media (see Fig. 2). The cryo-focus system

coupled with GC/MS on R/V Mirai allowed us to

measure in situ isoprene in the air and surface seawater

in the open ocean.

Fig. 1. Sampling sites of the seawater samples (open squares)

and air samples (solid circles) collected in the western North

Pacific (18–26 May 2001).
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Fig. 2. An outline of the preconcentration system interfaced to capillary GC/MS.
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2.2. Determination of isoprene in the air samples

The marine air samples were collected into the

pre-evacuated 6 l stainless steel canister (Silco-Can,

RESTEC Corp., Bellefonte, PA), and pressurized to

approximately 2 atm using a Teflon bellows pump at the

compass deck of the ship (approximately 25m above the

sea level). The pump has been checked for a blank level

and the cross contamination of isoprene, then isoprene

was below the detection limit. The air samples were

stored approximately 1.5 h at room temperature, during

which the atmospheric oxidants are considered to be

destroyed on the surface of the canister. Thus oxidation

of isoprene on the trap during the adsorption should be

avoided.

The air samples were analyzed using a preconcentra-

tion/cryo-focus/capillary gas chromatograph/mass spec-

trometer (Cryo/GC/MS) system on board, as illustrated

in Fig. 2. The preconcentration unit (GAS 30, DKK

Corporation, Tokyo, Japan) is consisted of an adsorp-

tion trap (60mg of Carbotrap, SUPELCO, Bellefonte,

PA), a capillary trap (top 5 cm of capillary GC column)

and two switching valves. The two traps were designed

to be cooled down by liquid CO2. A 750ml of sample air

was drawn from the canister through a water trap

(approximately 5 g Mg(ClO4)2) and then adsorption

trap, the latter had been cooled to approximately �501C
by liquid CO2. Cross contamination of isoprene due to

its adsorption onto the former trap (drying trap) was

checked to be negligible. The latter trap was then heated

to 1501C in order to desorb the isoprene that was

trapped in the adsorption trap, and then transferred to

the capillary cryo-focus trap that had been cooled down

to approximately �701C by liquid CO2. Finally, the

capillary trap was heated to 1751C and the isoprene was

transferred into GC/MS (Finnigan MAT GCQ). Helium

was used as a carrier gas. Compounds in the sample air

were separated on a capillary column (Al2O3 PLOT,

Chrompack, 0.32mm i.d.� 50m long). Analysis of one

air sample was completed within 30min.

2.3. Determination of isoprene in the seawater samples

Surface seawater samples were collected from 10m in

water depth using Niskin bottles installed in a CTD

system. The seawaters were transferred into 730ml glass

bottles immediately by a Teflon tube after the CTD was

recovered on the ship. For rinsing the glass bottle and

the Teflon tube, the sample was overflowed approxi-

mately 1.5 l from the 730ml glass bottle during

transportation from the Niskin bottle. The samples

were analyzed within 30min after the collection. The

seawater sample was fully removed from the bottle into

a 1 l glass cell in the gas extraction system (Fig. 3). Then,

the isoprene in the sample water was stripped with a

pure helium bubble flow (50mlmin�1) for 30min. The

helium gas containing isoprene was drawn through the

first water trap (approximately 1 g Mg(ClO4)2) and then

transferred to the preconcentration unit of a capillary

GC as mentioned above. Analysis of one seawater

sample needed 45min. The calibration curve of isoprene

has been made by introducing the standard gas to the

to preconcentration

system (Fig. 2)

Helium gas

Seawater sample

(sealed glass bottle)

Switching valve

Extraction cell

Water trap (Mg(ClO4)2)

Fig. 3. An outline of the purge and trap system for isoprene in the seawater samples. This system is interfaced to cryo-focus capillary

GC/MS (see Fig. 2).
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sampling system, and the concentration range of

isoprene in the marine air sample was within the range

of calibration curve.

3. Results and discussion

3.1. Concentrations of isoprene in the marine air and

surface seawater

Table 1 presents the analytical results of isoprene in

the western North Pacific. Concentrations of atmo-

spheric isoprene ranged from 7.2 to 110 pptv (average,

46 pptv). The seawater concentrations ranged from the

below detection limit (the detection limit was

12 pmol l�1) to 94 pmol l�1, with the average concentra-

tion of 30 pmol l�1. The averaged daytime concentration

of isoprene (56 pmol l�1) exceeded that of nighttime

(27 pmol l�1; see Table 1). This suggests that isoprene

production by marine biological processes was greater in

daytime (see Table 1). In contrast, the results of air

samples showed that the nighttime averaged concentra-

tion of isoprene exceeded that of daytime.

If isoprene could be assumed to be in equilibrium

between the air and surface seawater, its concentra-

tion in the seawater should be equivalent to the product

of Henry’s law constant (KH ¼ 0:027mol kg�1 atm�1;

Karl et al., submitted) and the partial pressure of

isoprene (Pisoprene) in the air. Table 1 shows the average

and median of the products (Pisoprene � KH) for the

different sampling sites. The average concentration in

the seawater (30 pmol l�1) exceeded the product

(Pisoprene � KH; 1.3 pmol l�1). This indicates that the

isoprene flux was directed from the sea surface to the

atmosphere.

3.2. Emission rate of isoprene

The sea-to-air flux of isoprene (F in molm�2 s�1) can

be calculated by the following equation:

F ¼ kLðCw � KHPisopreneÞ; ð1Þ

Table 1

Concentrations of isoprene in the marine air and surface seawater in the western North Pacific along the 1461250E transect

Date Time Latitude Air Pisoprene � KH Seawater

(pptv) (pmol l�1) (pmol l�1)

18-May 12:45 301450N BDL

19-May 12:18 321000N 94

20-May 13:00 331150N 77

20-May 20:00 331300N BDL

21-May 22:30 331450N BDL

23-May 13:30 351260N 7.2 0.2

23-May 18:30 341580N 21 0.6

24-May 15:40 341010N 46 1.3 27a

24-May 20:30 341150N BDL

25-May 00:48 341300N 110 3.2

25-May 06:05 341470N 40 1.2 27a

25-May 10:47 351000N 31 0.9

25-May 13:52 351010N 49 1.4

25-May 14:50 351010N 26

25-May 20:30 351150N 43

26-May 01:05 351300N 59 1.7

26-May 06:00 351450N

Maximum 110 3.2 94

Minimum 7.2 0.2 BDL

Average 45 1.3 31

Median 43 1.3 27

Average (daytime) 31 0.9 56

Median (daytime) 31 0.9 52

Average (nighttime) 70 2.0 27

Median (nighttime) 59 1.7 27

BDL: below detection limit. Detection limit for air sample and seawater sample were 5 pptv and 12 pmol l�1, respectively. Henry’s law

constant KH for isoprene was adapted from Karl et al., submitted.
aThe data were used for the calculation of sea-to-air flux of isoprene (see Table 2).
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where kL is the liquid phase transfer velocity. Cw; KH

and Pisoprene are defined as the concentration in surface

seawater, Henry’s law constant and partial pressure of

isoprene, respectively. Wanninkhof (1992) has proposed

a relationship of kL in m s�1 with wind speed U (m s�1)

and Schmidt number Sc as follows:

kL ¼ 2:778� 10�6ð0:31U2ðSc=660Þ�1=2Þ: ð2Þ

Schmidt number of isoprene was adapted from

Milne et al. (1995) for the calculation of isoprene

emission rate. Table 2 presents wind speed at the

sampling site and the calculated flux of isoprene from

the ocean. The flux ranged from 32 to

300 nmolm�2 day�1 on the assumption that con-

centrations of isoprene in the marine air were

zero; therefore, they give upper limits. These upper

Table 2

Estimated emission rate of isoprene from the ocean

Date Time Location Wind speed (m s�1) Flux (nmolm�2 day�1) Reference

19-May 12:18 Western North Pacific 3.6 77a This study

20-May 13:00 Western North Pacific 7.1 250a This study

24-May 15:40 Western North Pacific 10.4 180 (190a) This study

25-May 6:05 Western North Pacific 13.3 300 (300a) This study

25-May 14:50 Western North Pacific 7.2 86a This study

25-May 20:30 Western North Pacific 3.4 32a This study

26-May 06:00 Western North Pacific 7.6 56a This study

10-Sep 15:45 Florida Straits 3.33 38.6 Milne et al., 1995

10-Sep 18:30 Florida Straits 1.28 12.6 Milne et al., 1995

10-Sep 22:00 Florida Straits 2.01 9.5 Milne et al., 1995

11-Sep 8:30 Florida Straits 5.00 39.1 Milne et al., 1995

12-Sep 16:00 Florida Straits 4.49 101.2 Milne et al., 1995

13-Sep 5:00 Florida Straits 7.99 65.5 Milne et al., 1995

13-Sep 8:00 Florida Straits 7.11 71.8 Milne et al., 1995

North Sea 24.4b Broadgate et al., 1997

aCalculated upper limit of the isoprene flux.

Fig. 4. The result of back trajectory analysis. Open circles are sampling sites of the atmospheric isoprene, solid lines are calculated

trajectory of the air parcel before 5 days of the sampling. The trajectory data was obtained from HYSPLIT model provided by NOAA

Air Resources Laboratory.
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limits of the sea-to-air flux were comparable to those

of the previous reports (see Table 2). The flux of

isoprene calculated from the measured concentration

in the seawater and the maximum concentration in

the air (110 pptv) were close to the upper limits of the

flux (the differences were within 20%), thus the

upper limits can be comparable to the real values of

the flux.

3.3. Source of isoprene in the marine air

The height of the marine boundary layer (MBL) at the

sampling site was approximately 1000–1200m (a perso-

nal communication with K. Miura, Tokyo University of

Science). However, it is unlikely that isoprene convected

in the whole of MBL within only several hours, thus the

height that isoprene can be convected within its lifetime

is probably lower than the MBL. On the assumption

that isoprene was convected and diffused in the height of

approximately 50–100m within 2 h (the lifetime of

isoprene), and that the emission rate of isoprene from

sea surface was 200 nmolm�2 day�1, we estimated that

the daytime concentration of isoprene derived only from

the ocean is very low (1.6–3.2 pptv). Therefore, we

concluded that the sea-to-air emission of isoprene did

not mainly contribute to the concentrations measured

(ca. 50 pptv) in the western North Pacific.

The result of back trajectory analysis (see Fig. 4) and

radon concentration (a personal communication with K.

Miura) suggested that most of the air masses at the

sampling site had passed through the terrestrial regions

in Japan 1–5 days before the sampling. The concentra-

tion of terrestrial isoprene would decrease to 50 pptv

(nearly equal to the observed concentration in the

marine air) in 3 days on the assumption that the

initial concentration was 1 ppbv and averaged

daytime concentration of OH was approximately

2� 105molecules cm�3. These assumptions are realistic

and do not contradict the observed concentrations of

isoprene in the marine air in this study. Thus, the

isoprene concentration in the marine air (7.2–110 pptv)

were probably significantly influenced by the terrestrial

emission and long-range atmospheric transport in the

western North Pacific.

4. Conclusion

Concentrations of isoprene in both marine air and

surface seawater have been in situ measured in the

western North Pacific during an early summer, and the

isoprene sea-to-air fluxes were calculated. The isoprene

flux in the western North Pacific ranged from 32 to

300 nmol m�2 day�1. This is comparable to the isoprene

flux estimated on a global scale in the previous modeling

study (110 nmolm�2 day�1, Guenther, 1999). Consider-

ing low emission rates of isoprene from the ocean, we

suggest that atmospheric isoprene in the western North

Pacific is mostly derived from the terrestrial regions in

Asia. In situ measurement of biogenic reactive com-

pounds such as isoprene in the seawater sample allowed

us to estimate accurately the sea-to-air emission rate of

such gases.
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