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A mass-balance/photochemical assessment of DMS sea-to-air
flux as inferred from NASA GTE PEM-West A and B
observations

G. Chen,! D. Davis,! P. Kasibhatla,” A. Bandy,’ D. Thornton,? and D. Blake*

Abstract. This study reports dimethyl sulfide (DMS) sea-to-air fluxes derived from a
mass-balance/photochemical-modeling approach. The region investigated was the western
North Pacific covering the latitude range of 0°-30°N. Two NASA airborne databases
were used in this study: PEM-West A in September-October 1991 and PEM-West B in
February-March 1994. A total of 35 boundary layer (BL) sampling runs were recorded
between the two programs. However, after filtering these data for pollution impacts and
DMS lifetime considerations, this total was reduced to 13. Input for each analysis
consisted of atmospheric DMS measurements, the equivalent mixing depth (EMD) for
DMS, and model estimated values for OH and NO,. The evaluation of the EMD took into
account both DMS within the BL as well as that transported into the overlying atmospheric
buffer layer (BuL). DMS fluxes ranged from 0.6 to 3.0 umol m?d" for PEM-West A (10
sample runs) and 1.4 to 1.9 umol m? d* for PEM-West B (3 sample runs). Sensitivity
analyses showed that the photochemically evaluated DMS flux was most influenced by the
DMS vertical profile and the diel profile for OH. A propagation of error analysis revealed
that the uncertainty associated with individual flux determinations ranged from a factor of
1.3 to 1.5. Also assessed were potential systematic errors. The first of these relates to our
noninclusion of large-scale mean vertical motion as it might appear in the form of
atmospheric subsidence or as a convergence. Our estimates here would place this error in
the range of 0 to 30%. By far the largest systematic error is that associated with stochastic
events (e.g., those involving major changes in cloud coverage). In the latter case, sensitiv-

ity tests suggested that the error could be as high as a factor of 2. With improvements in
such areas as BL sampling time, direct observations of OH, improved DMS vertical
profiling, direct assessment of vertical velocity in the field, and preflight (24 hours)
detailed meteorological data, it appears that the uncertainty in this approach could be

reduced to + 25%.

1. Introduction

Dimethyl sulfide (DMS) is known to be a by-product of
biological processes involving marine phytoplankton
[Barnard et al., 1982; Dacey and Wakeham, 1986; Keller et
al., 1989]. Emissions of DMS have been estimated to be
around 60% of the total natural sulfur gas released to the
atmosphere [e.g., Andreae and Raemdonck, 1983; Bates et al.,
1992; Berresheim et al., 1995]. In clean background marine
boundary layer (BL) air, DMS is oxidized mainly by OH and,
to a much lesser extent, NO;. Chamber type studies have
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shown that the oxidation of DMS in the troposphere (via OH)
can produce SO,, methane sulfonic acid (MSA), dimethyl
sulfoxide (DMSO), dimethyl sulfone (DMSO,) plus other
minor products [Barnes et al., 1989, 1993, 1994; Sorensen et
al., 1996; Berresheim et al., 1995, and references therein].
Detailed kinetic investigations of the DMS/OH reaction have
also shown that this reaction proceeds by two independent
channels: abstraction and addition [Hynes et al., 1986]. The
S0, species now appeats to be a product of both the addition
and abstraction channels [Barnes et al., 1993; Sorensen et al.,
1996; Davis et al., 1998a, b]. In the atmosphere SO, is
oxidized to H;SOj,, leading to either aerosol growth or to the
formation of new sulfate particles [e.g., Kreidenweis and
Seinfeld, 1988; Berresheim et al., 1995, and references
therein]. Since these aerosol particles, in turn, have the
potential for impacting upon the Earth's climate, both from
direct as well as indirect processes [International Geosphere-
Biosphere Programme (IGBP), 1988; International Global
Atmospheric Chemistry (IGAC), 1994; Intergovernmental
Panel on Climate Change (IPCC), 1995], the linkage between
DMS and aerosols is considered an important component of
the planetary climate system [/PCC, 1995].

In general, two different approaches have been used to
determine the amount of DMS released from the ocean to the

5471



5472

atmosphere. One of these has focused on DMS sea-water
measurements; the other has used only atmospheric observa-
tions of DMS. In the first approach, the DMS flux is assumed
to be simply the product of the surface sea-water DMS
concentration and a sea-to-atmosphere transfer efficiency
factor. The latter quantity has been given the name “piston
velocity.” In fact, the largest uncertainty in the air-sea
exchange approach is now thought to lic in the evaluation of
this transfer efficiency factor. In an effort to give this ap-
proach more general applicability, the piston velocity has also
been parameterized as a function of wind speed and tempera-
ture. The most commonly used parameterizations are those
developed by Liss and Merlivat [1986), Wanninkhof et al.
[1985], and Smethie et al. [1985]. All are found to agree
within a factor of 2 [Jodwalis and Benner, 1996]; however,
this still does not preclude the possibility of yet unidentified
systematic errors. The air-sea exchange approach has been
widely used in estimating DMS fluxes, reflecting in no small
part its simplicity, the availability of a large sea-water DMS
database (accumulated over more than a decade), the availabil-
ity of the GCMs (general circulation model) and wind field
data [e.g., Bates et al., 1987; Erickson et al., 1990; Langner
and Rodhe, 1991; Spiro et al., 1992; Penner et al., 1994; Pham
et al., 1995; Chin et al., 1996].

As noted above, the alternative to sea-water-based flux
estimates has been the use of atmospheric observations of
DMS. For example, Putaud and Nguyen [1996] evaluated the
DMS flux from the vertical gradient in the DMS mixing ratio
(i.e., 1-20 m) in combination with eddy diffusion coefficients
derived from meteorological observations. Using still a
different approach, Jodwalis and Benner[1996] estimated the
DMS flux using the variance and inertial-dissipation method.
This approach was based upon an analysis of atmospheric
DMS time series data. Lenschow et al. [1999] have also
employed a mixed-layer/gradient method in which the DMS
flux was determined from gas phase measurements of DMS at
several different altitudes within the BL as well as at altitudes
immediately above. The final flux estimating approach, based
on atmospheric measurements of DMS, has been labeled here
the mass-balance/photochemical-modeling methodology. Far
more extensively used than the other approaches, based on gas
phase measurements of DMS, this method recognizes that if
DMS is destroyed by local photochemistry, and that
photochemistry can be well characterized (e.g., clean back-
ground marine conditions), the DMS sea-to-air flux can be
estimated from mass conservation considerations. It readily
lends itself to a variety of platforms including ground-based,
shipboard, and airbome [Ayers et. al., 1995; Davison and
Hewitt, 1992; Thompson et al., 1990; Thompson et al., 1993;
Saltzman and Cooper, 1989; Yvon et al., 1996; Davis et al.,
1990; Davis et al., 1998b; G. Chen et al., A study of tropical
DMS oxidation chemistry: Comparison of Christmas Island
field observations of SO, and DMS with model simulations,
submitted to Journal of Atmospheric Chemistry, 1999].

The current study uses the mass-balance/photochemical
modeling approach in conjunction with data collected during
NASA's airborne program Global Tropospheric Experiment/
Pacific Exploratory Mission-West (GTE PEM-West). This
program had a region of study that encompassed the tropical
and extratropical latitudes of the central and western North
Pacific and covered a time period that ranged from the fall
1991 (PEM-West A) to winter 1994 (PEM-West B). DMS
fluxes in this region of the Pacific have heretofore been based
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almost entirely upon sea-water DMS measurements, In most
of these studies the piston velocity was estimated from
climatologically averaged winds and sea-water temperatures.
One of the more extensive of these sea-water measurement
campaigns was that by Bates et al. [1987]. This study com-
piled over 1000 sea-water measurements for the North Pacific
that covered both seasonal and regional DMS concentration
trends in surface sea-water. These data were used to estimate
the average DMS flux for six latitudinal bands spanning the
range of 0°-80°N.

Still other studies that have examined the North Pacific
have used GCM to estimate spatially resolved
(latitude/longitude) global piston velocities [Erickson et al.,
1990; Chin et al., 1996]. These values were then combined
with Bates et al.'s [1987] summary DMS sea-water measure-
ments. In Erickson et al.'s [1990] study, atmospheric DMS
levels were simulated from the estimated fluxes and then
compared to atmospheric DMS observations. They found
reasonably good agreement with the observations for regions
having low productivity while they disagreed (underestimated)
with the levels for regions having the highest productivity.
Chin et al. [1996] also estimated a global DMS flux field,
again based upon GCM evaluated piston velocities and the
marine data provided by Bates et al. These investigators then
selected a DMS-SO, conversion efficiency factor that tended
to simulate measured atmospheric nonsea-salt sulfate (NSS)
levels as well as reasonable values for the ratio NSS-MSA.
Their results were in reasonably good agreement with the NSS
and NSS-MSA observations; however, they found that the
resulting atmospheric levels of DMS were significantly higher
than those reported from field studies. Thus these results
could be interpreted to mean one of several things: that there
is a missing atmospheric oxidizing source (e.g., higher levels
of OH, NO;, and/or halogen radicals), that nonbiogenic
sources of sulfur are more effectively transported into the
remote Pacific than currently thought, or that there is too high
estimate of the DMS flux field in combination with a too low
estimate for the DMS to SO, conversation.

We believe the mass-balance/photochemical-modeling
approach has several important characteristics that make it
worthwhile as an alternative way for evaluating global marine
DMS fluxes. (1) It has the potential for looking at large
geographical regions within a short time period when using an
airborne sampling platforms; (2) it represents a totally inde-
pendent method of assessing the DMS flux; and (3) with new
airbore OH sensors now coming on-line, it offers the possibil-
ity in the near future of directly measuring nearly all critical
parameters required to evaluate the DMS flux. Obviously, this
approach might also provide further insight into the
parameterization of the sea-water transfer-efficiency factor if
common sampling sites were to be examined.

2. Approach and Model Description
2.1. Approach

For a well mixed boundary layer (BL), a commonly cited
formulation for the DMS mass-balance is that shown in (1)
[Bandy et al., 1996; Yvon et al., 1996; Ayers et al., 1995;
Saltzman and Cooper, 1989]:

d[DMS]  Fpys
d¢ ~ h
- (koulOH] + kyo, [NO, 1JDMS]

+ %([DMS]BUL - [DMS]BL)
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In this equation the first term represents the oceanic source
term, where Fpysc is the DMS sea-to-air flux and “h” is
boundary layer height. The second term defines the loss of
DMS due to photochemical oxidation by OH and NO;, and the
final term describes the DMS mass exchange between the BL
and the zone immediately above which has recently been
labeled the “buffer layer” (BuL) by Russell et al. [1998]. W,
in this formulation is the entrainment velocity and [DMS]p,,;
is the BuL DMS concentration. In fact, the practical applica-
tion of (1) is most often limited by the quantitative evaluation
of W, [Lenschow, 1995]. This, in particular, can be a serious
deficiency when the BL is not well capped. In this case,
significant amounts of BL DMS can be vented into the BuL
and thus represents a loss term for DMS. For PEM-West A
and B, values for W, could not be independently derived from
in situ observations.

Equation (2) shows yet another frequently used mass-
balance formulation for evaluating the DMS flux [e.g.,
Thompson et al., 1993; Davison and Hewitt, 1992]. In this
equation the exchange between the BL and BuL is neglected,
and the DMS mass-balance consideration is based only on
oceanic emissions and photochemical oxidation:

d[DMS] F

% =2 (kou[OH] + kyo,[NO,]JIDMS] (2)
In this case, “h” is defined as the mixed layer depth. Thus,
when the BL is well capped, “h” is defined by the BL height.
Given (2), if the DMS mixing ratio is known at an inflection
point where d[DMS]/dt =0 and the values of “h”, [OH], and
[NO;] can be evaluated independently, the DMS flux can be
directly evaluated. Altematively, Fpyg can be determined
from a direct comparison of model and observed DMS
profiles. In the latter case, the “best estimate” of Fpy,g is
determined by adjusting its value so as to minimize the
difference between model calculated and observed DMS
profiles.

The mixed layer depth used in past studies has typically
been taken to be greater than 1 km. For example, Thompson
et al. [1993] used 1.5 km, and Yvon et al. [1996] used 2.2 km.
These values, however, are significantly higher than the typical
marine boundary layer height of ~ 0.7 km [Stull, 1988].
Elevated values of “h” have primarily been used to deal with
the problem of how to evaluate the flux associated with DMS
that has mixed into the BuL or even the lower free troposphere
[Yvon et al., 1996]. The BuL is a zone in the lower tropo-
sphere that Russell et al. [1998] have recently described as
defining a region of intermittent turbulence. It is a region into
which significant quantities of DMS can frequently be mixed.
This is particularly true when shallow convection is ongoing.
The relative mass distribution of DMS between the BL and
BuL depends upon both the intensity of BuL turbulence as
well as the jump in stability in the transition from the BL to the
BuL. If any degree of mixing does occur, the use of the more
conventional marine BL height parameter “h” necessarily
leads to an underestimate of the DMS flux. In fact, DMS
levels in the BuL frequently do show significant vertical
gradients, reflecting the intermittent nature of mixing in this
region. This suggests that the most appropriate scale height to
use should be lower than the top of the buffer layer but higher
than the meteorological mixing depth (i.e., the BL height).
Thus, under conditions where the rate of DMS oxidation is not
too dissimilar for both the BuL and BL (which is a typical
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situation), the parameter “h” in (1) can be more appropriately
replaced by what we have labeled the DMS equivalent mixing
depth (EMD). This quantity is defined by (3):

1

EMD = ————
[DMS];,

[[DMS](z)dz (3)

The equivalent mixing depth can be viewed as the height of
an atmospheric column that contains all DMS mass (both BuL
and BL) but at BL concentrations. In principle, the value of
EMD can be assessed from DMS airborme observations
recorded during ascents and descents to and from the BL.
From a practical point of view, however, the reliability of this
assessment is found to be quite dependent upon the vertical
resolution of the DMS measurements. An alternative in those
cases where high-resolution DMS vertical profiles are not
available is the use of a surrogate ocean source species such as
CH;l1. The lifetime of CHal, controlled by UV photolysis, is
typically a factor of 2 to 3 longer than that of DMS. Thus
CH;1 can provide an upper-limit estimate of EMD. A lower-
limit value for the EMD is that defined by the BL height itself.
In the current study, because of the frequent absence of DMS
data in both the BL and BuL, only upper- and lower-limit
values could be assigned to the DMS flux.

2.2. Model Description

To assess the DMS flux, a modified mass conservation
equation, (4), was employed in conjunction with the measured
DMS and model generated diel profiles for OH and NO5, e.g.,

d[DMS]  Fpys
dt ~ EMD

- (kou[OH] + ko, [NO,1J[DMS] (4)

This equation is also based on the assumption that the large-
scale mean vertical velocity for the region sampled approached
zero. The photochemical box model employed to generate OH
and NO; profiles was quite similar to that described previously
by Davis et al. [1993, 1996a], Chen [1995], and Crawford et
al. [1997, 1998]. This model contains 72 HyO, - NyOy - CH,
gas kinetic/photochemical reactions and 146 non-methane
hydrocarbon (NMHC) reactions, as well as 8 heterogeneous
processes. The confidence level placed on the model gener-
ated OH profiles is based upon both intercompari-son with
other photochemical models [Davis et al., 1996a] as well as
results from independent studies involving comparisons of
modeled values of OH profiles with those directly measured in
the field [R. L. Mauldin et al., OH measurement during PEM-
Tropics: Observations versus model calculations, submitted to
J. Geophys. Res., 1998a; Jefferson et al., 1998; Davis et al.,
1998b]. In the latter case, the level of agreement has ranged
from 15 to 30%.

Conceming the nighttime oxidant NO3, both reactions with
DMS as well as deposition to aerosol surfaces were included.
Thermal decomposition of NO3 was not used due to a lack of
supporting evidence [Johnston et al., 1986; H. F. Davis et al.,
1993]. Sensitivity tests suggest that only in the case where the
levels of NO, were highly elevated did reaction with NO;
represent a major loss channel for DMS. However, under
clean marine background conditions, where NO,, levels have
typically been found to be quite low (i.e. < 10 pptv) [e.g.,
McFarlandetal., 1979; Ridley et al., 1987, Davis et al., 1987],
oxidation of DMS by NOj is typically small when compared
to OH oxidation (i.e., < 30%).
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Input to our model consisted of median values for O3, CO,
H,0, NO, NMHCs, temperature, and pressure. In this study,
as in others, J values were adjusted to simulate actual so-
lar/cloud conditions encountered in the field. However, since
the typical boundary layer run lasted for less than 1 hour, an
assessment of the solar history prior to the sampling was not
possible. In lieu of this kind of information, cloud correction
factors were evaluated for several general regions sampled
during PEM-A and -B. In our case, the average cloud correc-
tion factors for PEM-A and -B were estimated at 0.9 and 0.85,
respectively.

Under conditions where OH oxidation dominated DMS
loss, the uncertainty in Fpys¢ was typically found to be most
dependent on the “goodness” of the EMD evaluation and the
extent to which the observed chemical snapshot of DMS
(based on a single BL run) may have been recorded under
conditions representative of solar conditions during the
previous 24 hours. In fact, errors resulting from stochastic
events, such as major changes in cloud coverage, are now
considered to be the more important of the two. Sensitivity
tests which explore the potential magnitude of this error are
discussed in section 4.2.

The numerical method used to solve (4) was the quasi-
steady-state approximation (QSSA) method developed by
Hesstvedt et al. [1978). Typically 4-10 days were required to
reach a quasi-steady level for DMS. Values of Fpy5and EMD
were normally kept constant over an entire diel cycle. The
effects resulting from nonconstant EMD and Fp g are dis-
cussed in section 4.2.

3. Observational Data

During PEM-West A and B, DMS measurements were
recorded using the isotope dilution (ID)/gas chromatography
(GC)/mass spectrometry (MS) technique [Bandy et al., 1993].
Samples were cryogenically trapped for 3-4 min followed by
GC separation and detection using a quadrapole mass spec-
trometer. Unique to the ID/GC/MS system was the routine
injection of a calibration standard into each ambient DMS
sample. The overall tumaround time for this analysis was
typically 6-7 min. The limit of detection for DMS was given
as 2-3 pptv [Hoell et al., 1996]. Further details conceming the
ID/GC/MS technique as well as the instrumentation used to
measure other photochemical parameters are given by Hoell et.
al. [1996, 1997].

A total of 35 BL DMS sampling runs were recorded during
PEM-West A and B. For purposes of evaluating the DMS
flux, however, only a subset of this total was found to be
acceptable when using the mass-balance/photochemical-
modeling approach. Two filters were employed to establish
this suitability: (1) the chemical uniformity of the photochemi-
cal environment and (2) the DMS chemical lifetime. Regard-
ing the first filter, only when the sampled environment
reflected relatively clean marine background conditions was it
considered acceptable. The argument here is that under
conditions involving fluctuating pollution levels, both the
relative as well as absolute magnitude of the DMS oxidation
rates by OH and NO3; would be highly uncertain over the 24-
hour period preceding the actual sample collection time. In
fact, continental outflow was present on several BL flight legs,
particularly those recorded during PEM-B [Crawford et al.,
1998; Merrill et al., 1997]. In all these cases the levels of
most OH controlling species were found to be highly variable.
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For purposes of defining the BL pollution problem, the
following criteria were employed:

[NO,] > 25 pptv
[SO,] = 85 pptv
[CO] = 125 ppbv

After filtering for pollution effects, 15 background marine BL
runs remained, 12 from PEM-A and 3 from PEM-B. That
fewer cases were found acceptable from PEM-B reflects the
fact that during the February-March 1994 campaign much of
the field sampling took place just off the coast of Asia. This
is the time of year when significant releases of anthropogenic
emissions flow from the Asian continent into the western
North Pacific Ocean [Crawford et al., 1998; Merrill et al.,
1997].

The second filter invoked in the current analysis of DMS
fluxes involved the DMS chemical lifetime. For purposes of
this analysis, only those DMS lifetimes < 2.5 days were
considered. This criteria was set forward in an attempt to
ensure that only DMS released relatively near the sampling
site was being considered in the flux determination. Thus this
criterion was designed to minimize the uncertainty associated
with long-range transport in the evaluation of the DMS flux.
In the case of PEM-A and -B, application of the lifetime filter
resulted in the removal of two additional runs from PEM-A,
giving a final total of 13 runs evaluated. In Figure 1 we show
the sampling locations of these 13 runs, and in Table 1 we
summarize the median values of the photochemical parameters
and DMS values used as input for our flux determinations.

As discussed in section 2.1, one of the critical factors
requiring an independent evaluation when using (4) is the
DMS equivalent mixing depth, EMD. However, during PEM-
A and -B, the time resolution for DMS measurements was too
low (i.e., ~ 6 min) to facilitate making the necessary vertical
measurements of DMS to evaluate the EMD. Thus only lower
and upper limits for the EMD were possible. These limiting
values were based on independent assessments of the marine
BL height and the EMD for CH;1. Since the latter species has
predominantly an oceanic source with a nominal lifetime of 3-
6 days, it represents a good tracer for marine BL air [see, e.g.,
Davis et al., 1996b; S. Liu et al., Tropospheric vertical
transport over the tropical Pacific, submitted to Journal of
Geophysical Research, 1997]. This species was typically
measured with 1-2 min time resolution during the ascents and
descents.

In the current study the value of the BL height, “h”, as well
as BuL height was derived from the high-resolution (10 s)
vertical data recorded for several meteorological parameters.
Of particular value were the potential temperature, 0, and the
specific humidity, “q” [Stull, 1988]. As illustrative of how
these parameters were used, Figure 2 shows both quantities
plotted as a function of altitude. In this case, the top of the BL
is defined as that altitude at which 0 and “q” undergo a
significant shift in value with increases in altitude, e.g., ~ 0.7
km, as indicated by a vertical long thin dash line. Similarly,
the BuL height was estimated at~ 1.8 km. Our “best estimate”
of the BL height was typically defined from the average value
calculated from four individual estimates involving 0 and “q”
values involving both the descent and ascent to/from the BL.
The uncertainty assigned to this average was estimated from
the maximum difference between the four independent values
and the mean. Alsoshown in Figure 2 were the observed CH;l
vertical profile and estimated EMD. The latter quantity was
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Figure 1. Geographical distribution of 13 BL runs selected for DMS flux analysis using the mass-
balance/photochemical modeling approach. Aircraft symbols indicate sampling locations.

evaluated using the observed CHjl profile and (3) with
substitution of DMS by CH;l. The resulting EMD is indicated
by the vertical short thin dash line at 1.4 km.

As shown in Table 1, our estimated “h” values ranged from
0.5 to 0.9 km, giving an overall ensemble average of 0.7 km.
EMD upper-limit values (based on CH;I) varied from 1.0 to
1.8 km with the average being 1.4 km. The latter value
suggests that on average the BL contained ~ 50% of the total
DMS mass emitted from the ocean. For four of these EMD
values, problems resulting from BuL biomass pollution or the
total absence of CH;I data led to our assigning the average
EMD value to these runs. Based on the range of values
estimated from those cases where upper limit EMD values
could be more rigorously calculated, it appears that this
assumption introduces no more than an additional 30%
uncertainty in the DMS flux estimates for these runs.

4. Results and Discussion
4.1. DMS Fluxes

As discussed in section 3, the current analysis has been
limited to evaluating only the upper and lower limits of the

Table 1. Summary of Model Input Conditions

DMS flux. For all these cases the mid-value of the two limits
defines our “best estimate” for the DMS flux for each sam-
pling run. These mid-values for the 13 runs are given in Table
2 and are seen ranging from a low of 0.6 to a high of 3.0 .zmol
m2d"' for PEM-A (September-October 1992) and from 1.4
to 1.9 umol m™d"! for PEM-B (February-March, 1994). These
mid-values are shown binned as a function of latitude in
Figure 3. The general trend for PEM-A is that of an increasing
flux with increasing latitude; however, the number of observa-
tions cannot be considered statistically robust.

A detailed examination of the oxidation pathways most
responsible for controlling the loss of DMS at each sampling
location revealed that OH typically was responsible for 73%
of the total, with NO; making up the remaining ~ 27%.
Looking only at the six sampling cases (PWA-08, PWA-09,
PWA-16, PWB-07, PWB-08, and PWB-09) having the highest
NO, levels, the average NO; contribution was found to
increase to 40%. The maximum rate for NO3/DMS oxidation
was found for flights PWB-07 and PWB-08; here the rate for
NO; slightly exceeded that for OH. Removing these two
PEM-B fights dropped the NO; oxidation effect on the
remaining 11 runs (e.g., PEM-A only) to just under 22%.

Flight Sampling Latitude Longitude T*® Td® [O,]* [COF [NOJ* [NO,* BLh EMD* [DMS]®
Number  Time °N °E °C °C ppbv ppbv pptv pptv km km PRtV
(local)
PWA-06 17:13 28.0 146.7 252 214 10 68 3 11 0.6 1.1 34
PWA-08 15:56 28.7 147.0 250 219 21 91 3 19 0.9 1.4 60
PWA-09 12:02 27.2 136.0 267 224 12 68 7 21 0.6 1.2 92
PWA-10 14:44 20.4 127.1 262 230 11 70 2 7 04 1.0 57
PWA-14 16:18 17.4 129.6 265 224 38 120 2 9 0.8 1.8 31
PWA-15 14:38 04 160.3 264 213 9 68 3 9 0.6 1.6 50
PWA-16 12:58 4.6 126.2 263 209 9 92 8 21 0.7 1.4¢ 26
PWA-18  12:36 13.0 159.8 251 220 8 73 2 6 0.6 1.4¢ 33
PWA-20 04:52 19.6 -155.2 21.1 189 22 76 1 5 0.7 1.3 22
PWA-20 08:26 19.6 -155.1 21.1 189 22 76 1 5 0.7 1.4¢ 22
PWB-07  15:57 13.6 147.0 249 178 26 100 5 17 0.7 1.4 19
PWB-08 15:10 16.4 145.9 234 179 27 121 5 19 0.9 1.5 13
PWB-09  15:12 1.0 146.5 25.1 206 19 98 6 18 0.7 1.6 27

PWA denotes PEM-West A and PWB denotes PEM-West B.

(2) Median observations.
(b) Model calculated quantity.

(c) EMD* = EMD upper limit estimated from CH, vertical profile.
(d) Buffer layer CH,I influenced by pollution, average EMD” used.

(e) No CHj,l data available, average EMD used.
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Figure 2. Vertical profiles of potential temperature (8),
specific humidity (q), and CH;,I for PEM-West B flight 7. The
solid line denotes specific humidity; dashed line denotes
potential temperature; and solid line with solid circle denotes
CH,l. Also shown here are the estimated BL height, BuL
height (vertical long thin dash lines), and CH,I EMD (vertical
short thin dash line).

These results show that the NO3/DMS reaction is typically of
secondary importance as an oxidation agent for DMS.
However, exclusion of this process for certain environments

(e.g., high NO, environment) could lead to a significant error.

For example, under low OH and high NO, conditions, it could

dominate the oxidation processes. In the case of Ayers et al.

[1995], the calculated austral winter flux estimates may have

been as much as a factor of 2 or more higher if they had

included the NO; reaction.
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Figure 3. Latitudinal DMS flux distribution for PEM-West
A and B. Data were average into 10° latitudinal bins. Solid
bars indicate our best estimate of the DMS flux, while the error
bars denote the upper and lower limits of these estimates.

Another issue related to the DMS oxidation was the
significance of aqueous phase DMS oxidation by O5 as
suggested by Lee and Zhou [1994]. Here, we compare the
magnitude of the potential impact of in-cloud oxidation of
DMS with that of the gas phase oxidation. Assuming a liquid
water content of 0.2 g/kg for typical marine stratocumulus
clouds [Wang and Albrecht, 1994], the estimated DMS
lifetime from the aqueous phase oxidation by O3 would be
nearly 40 days for the conditions encountered during PEM-
West A and B sampling. On the other hand, the estimated
DMS photochemical lifetime ranged from 1 to 2 days with an
average of 1.2 days. Thus, even for the marine stratocumulus
cloud conditions, the aqueous phase DMS oxidation would be
less than 5% of that equivalent to the gas phase oxidation.

A comparison of the flux estimates given in Figure 3 with
those reported by Bates et al. [1987], Erickson et al. [1990],
and Chin et al. [1996] using sea-water DMS measurements is
shown in Table 3. In this case all data have been grouped into
latitudinal bins of 0-10°N, 10-20°N, and 20-30°N. From here
it can be seen that for PEM-A our values lie within a factor of
2 of those reported by Chin et al. [1996], while significant
disagreement (i.e., a factors of 3-5) is evident in the compari-
son with Bates et al. [1987] and Erickson et al. [1990].
Considering the limited PEM database being used in this

Table 2. Summary of Estimated DMS Flux

Flight* Latitude Longitude Min Fpyg Max Fpys  Mid-value Fpys
Number °N °E pmole/m¥d pmole/m¥d  pumole/m%/d
PWA-06 28.0 146 7 05 09 0.7
PWA-08 28.7 147.0 19 29 2.4
PWA-09 272 136.0 14 29 2.2
PWA-10 204 127.1 06 1.4 1.0
PWA-14 17.4 1296 18 4.1 3.0
PWA-15 0.4 160 3 09 23 1.6
PWA-16 4.6 126.2 05 1.1 0.8
PWA-18 130 1598 04 09 06
PWA-20 19.6 -155.2 05 10 0.8
PWA-20 19.6 -155.1 05 1.0 0.8
PWB-07 13.6 147.0 10 2.0 1.5
PWB-08 16.4 1459 10 1.7 1.4
PWB-09 1.0 146 5 1.2 2.7 19

(a) PWA denotes PEM-West A and PWB denotes PEM-West B.
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Table 3. Comparison with Literature Cited Oceanic DMS Flux Estimates

Latitude This Work Bates et al. 1987 Erickson et al. 1990 Chin et al. 1996
pmole/m*%d umole/m%d umole/m%/d pmole/m*/d
0°-10°N 1.2 33 3.0 1.9
10°-20°N 13 4.6 4.4 1.0
20°-30°N 1.6 36 5.1 14

comparison, one could argue that this level of disagreement is
not that unreasonable.

A more realistic comparison of the two approaches has
come recently in the airbome/ship study, The First Aerosol
Characterization Experiment (ACE 1). Three flights were
scheduled for intercomparison activity between the National
Center for Atmospheric Research C-130 aircraft and the
National Oceanic and Atmospheric Administration ship
Discovery [Bates et al., 1998]. Preliminary results from this
comparison [Davis et al., 1997] have shown that the difference
in flux estimates ranged from a factor of 1.2 to 2.3, with an
average value of 1.7, when the ship values were based on the
piston velocity parameterization of Liss and Merlivat [1986].
If the piston velocity of Wanninkhof [1992] is used, this
difference increased to 1.4-4.5 with an average of 2.5, the
mass-balance/photochemical-modeling approach again giving
the smaller value. Although further analysis of this common
geographical data set is still ongoing, it does suggest that the
mismatch in spatial and temporal scales between the PEM
observations and the database used in the GCM modeling
studies could be responsible for some significant fraction of
the difference cited above.

4.2. Sensitivity Analysis

Recall, earlier we briefly addressed the issue of uncertain-
ties associated with the basic input parameters to (4). These
include EMD, [DMS]gs, OH, and NO;. To better quantify
the impact from these uncertainties, we have here carried out
several sensitivity runs in which the magnitudes of these
critical variables were varied by factors of £ 2. These tests
were performed on all 13 runs included in the current analysis.
The resulting average shift in the calculated DMS fluxes are
summarized in Table 4. From here it can be seen that for the
parameters OH, EMD, and [DMS] g a near linear relation-
ship is seen between the DMS flux and the shift in the value of
the parameter. Not surprisingly, the average effect due to a
change in [NO4] is seen as only 10-20%.

A propagation of error analysis against the first three factors
has shown that the overall uncertainty in our flux estimates is
in the range of 31-51%, the average being 41%. In this
analysis we assigned an uncertainty to OH of + 25% [D. D.
Davis et al., 1993; Crawford, 1997; Jefferson et al., 1998;
Mauldin et al., 1998a; R. L. Mauldin, et al., Measurements
During PEM Tropics: Observations and Model Comparisons,

Table 4. Summary of Sensitivity Calculation

Variables Change Factor® Change Factor in Fpus
EMD +2 120
[DMS]obs 2 +18
OH 2 +18
NOs +2 +1.2

(a) Here denotes the multiplicative factor (+) and dividing factor
(), respectively.

(b) The values reported here are the averages from calculations
for all PEM-West A and PEM-West B runs.

submitted to Journal of Geophysical Research, 1998b; Davis
et al., 1998b]. In assigning the OH uncertainty, one of the
factors considered was the possible error associated with the
difference in the rate of OH oxidation of DMS in the BL
versus the BuL. However, model simulations showed that this
difference was typically < 20%. For EMD, we assumed that
the value of the standard deviation was half of the difference
between the value based on BL height and that derived from
CH;l, for example, see Table 1. The finally variable,
[DMS]pops, was assigned an uncertainty given by Drexel
investigators, i.e., + 2 pptv [Thornton et al., 1996; Hoell et al.,
1996]. Overall, the uncertainty in the photochemical approach
(e.g., 41%) appears to compare very favorably with other
methods.

Although the above error assessment (based on known
sources of error) suggest that for a given time and place the
probable error would fall between a factor of 1.3 and 1.5, the
latter analysis does not consider other biases that might lie
hidden in the data and not be easily quantified. These include
any bias introduced into the analysis from our having to use
DMS data from single event sampling (e.g., 30-45 min) rather
than having the more ideal 24-hour continuous DMS data (e.g.,
see section 4.2.1 for details). Even more serious could be the
potential bias introduced by stochastic events. The most
significant of these we now believe would involve major solar
flux variations 24-48 hours prior to the time of sampling. This
possibility is explored in greater detail in section 4.2.2,

4.2.1. Point versus continuous data. Simulations de-
signed to evaluate the error resulting from the use of snapshot
(e.g., 30-45 min) aircraft data, rather than near continuous
monitoring, were performed using the earlier gas phase DMS
databases reported by Bandy et al. [1996] as well as those by
Gregory et al. [1993]. To begin this assessment, a comparison
was first carried out to determine how closely the photochemi-
cal approach would agree with a nonphotochemical approach
with both approaches using continuous data. This exercise
involved the use of Bandy et al.'s [1996] recorded in a ground-
based sampling study at Christmas Island in the central
equatorial Pacific. This atmospheric sulfur experiment,
conducted during the summer of 1994, encompassed continu-
ous recordings (5-10 min time resolution) of gas phase DMS
and SO, over a period of several days. The BL height was
estimated during this field study from local soundings. Also
recorded were measurements for a limited number of photo-
chemical parameters. Included in this list were O3 and UV
irradiance. From these near continuous DMS data, Bandy et
al. used a simple comparison of the nighttime and daytime
levels of DMS in conjunction with BL height information to
deduce a DMS flux of 5.3 umol L Taking this same
data set, we used the mass-balance/photochemical modeling
approach described in this work to generate the results shown
in Figure 4. From this analysis the photochemically derived
DMS flux is seen as lying within 10% of that estimated by
Bandy et al. Also quite evident from Figure 4, the model
predicted DMS profile is seen to agree extremely well with the
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Figure 4. Test of single point sampling versus continuous
sampling. Solid squares denote DMS hourly average overa 5-
day period. Error bars indicate the atmospheric variability in
DMS. Curves represent model simulated DMS values. Top
and bottom curves correspond to the maximum and minimum
flux estimates derived from using a single data point; whereas,
the middle curve represents the “best estimate” of the DMS
flux.

DMS observations (i.e., 15%). Thus this result can be viewed
as validating the mass-balance/photochemical-flux approach,
at least under the conditions of the Christmas Island experi-
ment.

The above results suggest that the photochemical approach
can be used to provide reasonable DMS sea-to-air flux
estimates under tropical conditions, given that a complete diel
DMS profile is available and that some reasonable information
exists conceming the BL height and atmospheric mixing., As
noted in section 3, during PEM-A and -B, only snapshot data
segments were available. Thus, this aircraft snapshot data
represents only one point in the profile shown in Figure 4. The
question may be asked, then, whether the more limited
airborne sampling scenario can really be used to accurately
evaluate DMS fluxes. To address this question, we carried out
a new flux assessment of the Christmas Island data in which
only a single data point from the 24-hour profile of Bandy et
al. [1996] was used. This resulted in the generation of
minimum and maximum DMS profiles from which a range of
flux estimates could be derived as shown in Figure 4. In this
case, the results clearly indicate that the bias generated in these
simulations is 11% of the “best estimate,” the latter value
being the product of the entire diel DMS profile.

Using the airbome DMS database generated during NASA's
GTE CITE-3 (Chemical Instrumentation Test and Evaluation)
[Gregory et al., 1993], a second level of testing of the
“continuous” versus “point” data sampling problem was also
carried out. What makes the latter airbome data set unique is
that it involved extensive BL sampling runs, typically 3-4
hours in duration. Like the Christmas Island data, these data
were also generated in the tropics but with the geographical
location being the tropical South Atlantic Ocean. The sam-
pling strategy in CITE-3 also involved flights that covered
both the early morning maximum and afternoon minimum in
DMS levels. Thus the CITE-3 database bracketed the most
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critical times of the DMS diel cycle. Our test simulations
involved comparing flux estimates based on a single hour of
data with that calculated using the entire sampling period.
These results were also quite encouraging. For example, the
difference between the two simulations was less than 25%.
These results, as well as those discussed above using the
Christmas Island data, lead to the conclusion that the use of
airbome snapshot DMS data, as collected during PEM-A and
-B, should not have introduced more than a 25% error into our
final DMS flux estimates.

4.2.2. Stochastic events. As noted earlier in this text, the
DMS sea-to-air flux estimates using the photochemical
approach are also potentially subject to a bias whose source
can originate outside of the temporal sampling window. For
example, if major fluctuations were to occur in the solar flux
24 hours in advance to the sampling, the observed atmospheric
DMS level is unlikely to be at quasi-steady-state. A simple
definition for the quasi-steady-state configuration as related to
DMS is that the diel change in DMS, in magnitude and in
trend, would reproduce itself each day. For this condition to
be realized for DMS, all other related variables would neces-
sarily also have to be at quasi-steady- state. This includes both
OH and NO;. In addition, the values of EMD and the DMS
sea-to-air flux itself would need to be relatively constant. Any
stochastic change that influenced one of these parameters
would cause atmospheric levels of DMS to deviate from the
original quasi-steady-state value. If this perturbation were
then suddenly removed, DMS values would be expected to
gradually retumn to the original quasi-steady-state configura-
tion. Alternatively, if the perturbation were to be permanent
in nature, DMS would eventually reach a new quasi-steady-
state reflecting the new condition. Typically, two-three
photochemical lifetimes are required for the DMS to retum to
the quasi-steady-state condition. Thus, to the extent that DMS
sampling were to occur reasonably soon after a stochastic
perturbation, the observed DMS would not be representative
of the original quasi-steady-state value. This means that any
DMS flux estimate based on this observation would necessar-
ily be biased. The magnitude of the bias would be a function
of the difference between the observed DMS value and the
value that would eventually be seen for that time of day when
the new quasi- steady-state condition set up. Asnoted above,
this type of error is especially acute in the case of airborne
sampling since only “snapshots” of the time history are
recorded. In the text that follows we explore the impact of
what we believe would be the most common of the stochastic
events, namely, variations in OH due to abrupt shifts in BL
cloud coverage.

In the test case, the sampling region was assumed to have
both a uniform DMS flux field and a constant EMD of 1.0 km
throughout the test period. The DMS flux was taken to be 2.5
umol m2 d"l. The stochastic event was one that involved an
abrupt change in cloud coverage and thus produced a sudden
change in OH levels. The approach taken involved first
initializing the model such that a quasi-steady-state was
reached in the OH profile (the diel average of which was 1.5
x 10 molecule cm™); then, for 4 hours, from 1000-1400 UT,
a systematic decrease of 50% in the OH level was introduced,
reflecting a major reduction in the solar irradiance. Finally,
the OH profile was returned to its original quasi-steady-state
value following the 4-hour perturbation. DMS samples were
assumed to be taken during the time of perturbation and at
times corresponding to 2, 8, 16, 32, and 64 hours following
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Figure 5. Effect of solar/OH perturbations on DMS concen-
tration profile. Dashed line indicates OH profile with the solar
perturbation occurring in day 2. Solid line indicates model
simulated DMS levels resulting from the OH perturbation.
Open squares indicate an assumed sampling scenario used to
derive the magnitude of bias in the model calculated DMS
flux.

the perturbation. The results from this simulation are shown
in Figure 5. From here it can be seen that the perturbation
produces both a new elevated “minimum” in DMS during the
late afternoon as well as a new elevated “maximum” the
following morning. The impact upon the estimated DMS flux
is shown in Figure 6. These results indicate that if one were
to calculate the “true” DMS flux (i.e., what would be estimated
from OH and DMS if sampled before the perturbation), it
would be higher than that estimated during the perturbation (if
the latter were the only data sampled) by a factor of nearly 1.4.
However, if sampling occurred only after the 4-hour perturba-
tion, the “true” flux would tend to be lower than the estimated
flux by a factor of ~1.2. This bias would rapidly decrease to
< 10% for times greater than one photochemical lifetime.
However, the longer the perturbation time period preceding
the actual sampling, the larger would be the bias appearing in
the estimated flux.

Similar tests were also performed to examine the magnitude
of error introduced from sudden changes in EMD and Fpyg.
In this case our simulations showed that a sudden change of
factor of 1.5 (highly unlikely) in EMD (or Fpps5) would cause
a deviation in the flux estimate by nearly a factor of 1.5, if
sampling were to occur during the time period of the perturba-
tion. However, the magnitude of this bias decreases rapidly
with elapsed time after the perturbation, like in the previous
case. After one photochemical lifetime, the bias decreased to
only about 15%. As stated before, the magnitude of this type
of bias is strongly dependent on the magnitude of the pertur-
bation itself.

4.2.3.Influence of large -scale atmospheric subsidence or
convergence. Another potential source of error in our flux
assessment is that resulting from mesoscale subsidence or
convergence. For example, large scale subsidence would
represent a loss of DMS due to dilution of the BuL and BL by
free troposphere (FT) air depleted in DMS. In our earlier
presentation of the mass-balance equation, we assumed that
the mean vertical velocity “w” was zero. Inclusion of large-
scale subsidence or convergences processes lead to a modifica-
tion of the basic DMS mass-balance equation as shown in (5):

uncertainties associated with them since they are calculated by
taking the difference between two large quantities, namely the
horizontal wind divergence in the “x” and “y” wind fields.
One is therefore inclined to conclude that such daily generated
“w” values may not be as reliable as those derived from
averaging values taken over a period of a month, as are
reported as part of the NCEP data products.

The DMS vertical gradient, 3[DMS]/9z, can typically be
estimated directly from airborne DMS vertical data; but
temporal variations in “w” as well as 3[DMS]/0z are usually
not available. Thus, as a first-order approximation, we have
here assumed that these variations are negligibly small. For
this special case, the potential bias in the DMS flux due to
large-scale mean vertical motion can be evaluated from (6):

hpy,
ar= ] wlB Bl ©
0 Z

In the evaluation of (6), it is recognized that the BL is typically
well mixed. This means that the magnitude of the DMS
vertical gradient for this regime is negligibly small, and
therefore the influence of large-scale vertical motion tends to
be confined to the BuL region. Equation (6) can therefore be
rewritten as
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0.0 0.3 0.6

69 12 15 18
I U I T N I

=—&=— DMS Sampling

1.5
14
13
1.2
1.1

0.9
0.8
0.7
0.6
0.5

"~ Period of Perturbation

I||||I|I|IIII|IIIIIIIII|II|||I||l|||l||||||||l|||I||||II|II||||I||||

10 15 20 25 30 35 40 45 50 55 60 65

5 0 5
Elapsed Time (hour)

Figure 6. Fy, versus elapse time following solar/OH perturba-
tion. Fp is defined as the ratio of the “true” DMS flux (esti-
mated from data sampled before the perturbation) to the flux
estimate derived from OH and DMS data recorded during and
after the perturbation.
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In (7), d[DMS]/0z is always negative, reflecting its oceanic
origin. As noted above, this means that without the inclusion
of large-scale subsidence our earlier estimated DMS flux
values would be underestimated. However, the presence of
weak convergence would lead to an overestimate. (The
authors note that for the special case of strong convergence we
would also overestimate the flux; however, there are still other
complications involved in the analysis of this scenario that
render it impractical to treat.)

As a sensitivity test, we have explored the possible magni-
tude of the bias resulting from (7) for a midlatitude marine
setting in which all necessary parameters were available for
evaluating this equation. This midlatitude case involved data
recorded during the airborne field study ACE 1. During flight
24 of this study, it was documented that most of the low-
altitude sampling was significantly influenced by large-scale
subsidence in the region. The average BuL mean vertical
velocity and DMS vertical gradient were estimated at -0.24
cms’! [Wang et al., 1999] and 100 pptv km'l, respectively.
The vertical velocity was calculated from ECMWF data, while
the DMS gradient was derived from direct observations within
the BuL. Integration of (7) resulted in a bias of 0.6 zmol m™
d’! or about 25% of the flux estimated without considering
subsidence.

During PEM-West A and B, the BuL DMS database was
inadequate for purposes of establishing a reliable DMS vertical
gradient, thus, making it impossible to evaluate the potential
bias for each PEM-West A and B flux determination. What
was done in lieu of this full quantitative assessment was to
examine the monthly mean vertical velocity for each of the
PEM-West A and B cases reported on in this work. This
analysis (based on NCEP data) indicated that about half of the
cases studied were influenced by subsidence, while the other
half was affected by weak convergence. In all cases but one,
however, the magnitude of the BuL mean vertical velocity was
quite small, typically < 0.15 ems’!. For one isolated case,
PWA-16, the value of “w” approached 0.5 cms™!. This
suggests that our first-order approximation assessment of DMS
fluxes during PEM-West A and B was only slightly influenced
by large-scale atmospheric subsidence or convergence. Given
the mean “w” values taken from the NCEP data, we would
place this error at somewhere between 0 and 30%. Even for
run PWA-16, the bias is unlikely to have exceeded 45%.

5. Summary and Conclusions

This study has evaluated the DMS sea-to-air flux in the
western North Pacific using a mass-balance/photochemical-
modeling approach. It used as its database measurements of
DMS and photochemical variables recorded during NASA's
GTE PEM-A and -B programs. These airbore campaigns
occurred in the fall of 1991 and winter/earlier spring of 1994,
respectively. The results indicate that the DMS flux ranged
from 0.6 to 3.0 umol m?2 gl during the fall and 1.4 to 1.9
pmol m2 d’! during the winter campaign, with the latter flux
range clearly a reflection of the limited number of sample runs
(e.g-; 3). These estimates were generally compatible with the
results from GCM-type studies; however, because of differ-
ences in temporal and geographical spatial coverage, no
quantitative comparison was possible.
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Simulations in which “snapshot” type DMS data were
compared with near continuous data demonstrated that
airbome sampling of the type carried out in PEM-A and -B can
be used to evaluate reliable values of the DMS flux. A key
factor here is that the DMS must be predominantly removed by
local photochemical processes; thus DMS lifetimes must be
relatively short, i.e., < 2.5 days. Sensitivity tests, in fact,
showed that the key factors controlling the flux estimate were
the levels of OH, equivalent mixing depth, and the observed
level of DMS. The propagated error for this approach was
estimated at between 31-51% when evaluated in terms of a
specific time and sampling location. Systematic errors were
also explored. These were identified in two forms: (1) the
neglect of large-scale vertical motion and (2) the impact from
stochastic events involving cloud coverage. We have esti-
mated the magnitude of the first source of error to be in the
range of 0-30%; whereas, sensitivity analysis suggest that the
second could be as large as a factor of 2. The latter value was
arrived at from our examination of specific types of stochastic
events and how these events might impact upon the photo-
chemical flux estimate. In these simulations it was shown that
when atmospheric DMS is not in quasi-steady-state the
estimated flux will be biased. Under conditions involving
“snapshot” airbormne sampling, DMS levels were found to be
quite sensitive to solar shifts that produced significant changes
in the diel OH field. It was concluded that stochastic changes
of this type are quite likely the single most important factor
that would dictate the accuracy of photochemically derived
DMS fluxes when using airborne “snapshot” sampling. Thus
improvements in the accuracy of this approach involve having
a more detailed meteorological analysis during the 24 hours
preceding the sampling window as well as having high-
resolution DMS measurements, real-time measurements of
OH, and a larger airbome sampling window. Still, a final
uncertainty in this approach involves the role of atmospheric
mixing, particularly that involving convective events. In such
cases, high-resolution vertical DMS data would be especially
important.

Overall, we can conclude that the mass-balance/photo-
chemical approach is a very promising one for evaluating sea-
to-air DMS fluxes. It has the potential to greatly augment the
existing DMS flux database and to also possibly provide
important insights into the evaluation of the marine “piston
velocity.”
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