GEOPHYSICAL RESEARCH LETTERS, VOL. 23, NO. 7, PAGES 733-736, APRIL 1, 1996

Aerosol dynamics in the equatorial Pacific Marine boundary
layer: Microphysics, diurnal cycles and entrainment

A.D. Clarke,!? Z. Li,>and M. Litchy?

Abstract. During July-August of 1994 we measured the size-
resolved physicochemical properties of aerosol particles at
Christmas Island in the equatorial Pacific. In spite of rapid
diurnal conversion of dimethylsulfide (DMS) to sulfur dioxide
(SO, we found no evidence for new particle production in the
marine boundary layer (MBL) and more than 95% of all
particles were consistently larger than 0.02um diameter,
indicating an aged aerosol. The submicrometer acrosol number
(size-distribution) was bimodal with peaks near 0.05um and
0.2um particle diameter (D,) and had a cloud-processed
intermode minimum at about 0.09um that varied in phase with
diumnal changes in ozone concentration. This suggests that the
number distribution for condensation nuclei (CN) and cloud
condensation nuclei (CCN) was maintained by a quasi-
equilibrium between entrainment (estimated to be 0.6 +/-0.2
cm s) from sources aloft and processes in the MBL. This
implies a replenishment timescale for nuclei of about 2 and 4
days for this region. The stability of the distribution and the
0.09 um cloud processed minima suggests trade wind cumulus
supersaturations near 0.35% and updrafts near 1 m s™.

Introduction

Characterizing the response of the marine aerosol size
distribution to the production of sulfate from DMS has been an
elusive goal of numerous field programs because these particles
are an important dynamic reservoir in the atmospheric cycling
of species such as sulfur. Aerosol number, size and
composition determine their effectiveness as cloud
condensation nuclei [Pruppacher and Klett, 1990; Charlson,
1987] and their effect on atmospheric radiative transfer
[Charlson et al., 1992]. However, direct evidence for diurnal
conversion of DMS to sulfate mass has been difficult to observe
because growth processes (eg. gas to particle conversion) often
involve small changes in particle mass compared to other
processes. The origin of MBL particle number is also
uncertain, although evidence for particle production has been
seen under unusual conditions [Covert et. al., 1992] or related
to pronounced subsidence events [Clarke and Porter 1993;
Covert et al, 1995]or in the vicinity of clouds [Hegg et al.,
1992; Hoppel et al., 1994]. Even so, models differ regarding
the likelihood of nucleation in the MBL although most models
that include pre-existing aerosol surface area find that this
suppresses MBL nucleation [Shaw, 1989; Raes and Van
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Dingenen, 1992]. Alternately, high nuclei concentrations
measured in the clean upper troposphere suggest that aerosol
formation and evolution aloft may supply the boundary layer
with "new" CN and CCN [Clarke, 1993]. This is consistent
with models that predict aerosol nucleation to be favored there
[Raes and Van Dingenen, 1993] as well as a three year
interhemispheric Pacific MBL study [Covert et al.,1995] that
found more and smaller nuclei in high pressure (subsidence)
regions than in low pressure regions, again consistent with a
source of nuclei from aloft. The narrow range of CN
concentrations observed in the remote MBL has also been
predicted by this mechanism [Raes, 1995]. Even so, the most
effective process for producing and sustaining MBL nuclei and
their link to the sulfur cycle remains unclear.

Experiment

Christmas Island (CI) is located at 2°N-157° W and south of
the Inter Tropical Convergence Zone in a region of equatorial
upwelling with strong DMS emitted into an easterly flow of
clean southern hemisphere air. The stable meteorology of this
region and low precipitation with high insolation, provides
optimal conditions for evaluating the DMS-aerosol sulfate link.
Our cooperative experiment included extensive measurements
of major gas phase sulfur species [Bandy et al., this issue] and
aerosol chemistry [Huebert et al., this issue] along with our
aerosol microphysics data.

A 20m sampling tower was located 10m from the coast on
the NE shore of CI. The aerosol was transported from the top
of the tower to instruments in 2-4sec. through a 10cm diam.
aluminum tube with less than 10% particle loss. Meteorological
variables were continuously recorded and profiles were
obtained from 4 to 8 radiosonde launches per day. Particle data
was obtained from an Ultrafine Condensation Nucleus counter
(UCN-TSI 3025; Dp>0.003um), a condensation nucleus
counter (CN-TSI 3760; Dp>0.015um), a scanning 17 bin
differential mobility  analyzer (DMA-TSI 3071,
0.02<Dp<0.5um) and an ozone monitor (TECO-Model 49)
with a separate teflon line. The DMA was operated near 20%
relative humidity (RH) to get distributions of dry acrosol mass.
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Fig. 1. Typical DMA dry size distributions. The change
between these consecutive morning and afternoon averages
reveals the number increase at night in the minima region and
the growth out of that region during the day.
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Results

DMA distributions were taken every 20-30 minutes in order
to assess the response of the size-distribution to factors
controlling the CN and CCN population. Figure 1 shows two
typical DMA number distributions revealing the bimodal nature
characteristic of aerosol processed by clouds [Hoppel et al.,
1994]. The mode at larger diameters reflects aerosol that were
activated and grew into cloud droplets of several micrometer
diameter while the smaller mode is comprised of unactivated
nuclei. The rapid decrease in concentration for smaller sizes
near 0.02um (Fig. 1) is characteristic of an aged aerosol and
consistent with other observations in this region [Clarke et al.,
1987; Clarke and Porter, 1993; Covert et al., 1995]. The
integral DMA number closely tracked those of total CN but
were about 10-15% lower due to losses in the DMA [Covert et
al., 1992]. The small difference between CN and UCN data
confirmed that particles smaller than 0.02um were less than
5% of the total CN (Fig. 2e). Furthermore, if significant
nucleation had occurred near cloud level to result in nuclei
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Fig 2. A time series of key parameters measured at Christmas
Island for DOY 207-219, 1994; (a) ozone (ppbv), (b) mass
per particle (pptv/particle/cm™) for DMA nuclei mode, (c)
mass per particle for DMA accumulation mode, (d) total mass
gg:[t:/ with D,<0.3um and (¢) CN (#cm?). Local sea-salt

breaking waves are indicated as SS and squalls near the
site suggested by RH jumps are marked as triangles.
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Fig. 3. Diurnal ozone variability (white line) relative to each

daily ozone mean and son et al., diurnal fit (black line)
for the "low ozone" period (February-March).

similar to the observations (mean D, <0.007 pm) at mid-
latitudes [Hoppel et al., 1994] then the calculated lifetime for
coagulation with the MBL aerosol is in excess of a day and
longer than MBL mixing times. Both UCN counts and the
lower tail of the DMA distribution (Fig. 1) should have
regularly shown evidence of such nucleation but they did not.
Hence, if gas to particle conversion occurred in the MBL the it
was heterogeneous and did not form appreciable new nuclei.

The sulfate mass inferred from our dry DMA distributions
(Fig. 2d) averaged about 200pptv and roughly 75% of the total
measured non-sea salt sulfate (nss-SO,) [Huebert et al., this
issue]. If a significant fraction of the estimated daily DMS flux
[Bandy et al., this issue] is converted to submicrometer nss-SO,
then it should appear as a small change in the DMA size
distribution. However, the size distribution may also vary with
different source strengths, different trajectories, periodic
precipitation events, varying dilution due to different
entrainment etc. Indeed, marked fluctuations common to both
DMA and CN data were evident and often persisted for several
hours (Figure 2d). In order to help separate changes in mass
through heterogeneous growth from other processes, we divide
the distribution into two modes at 0.09um (Figure 1) with the
larger identified as the accumulation mode and the smaller the
nuclei mode. We define the mass per particle (MP) of a mode
as the integral mass divided by the integral number per cm® in
that mode. This is an effective growth index for each mode and
increases when the average particle size of the mode increases
even if the total mass and/or number is reduced either from
precipitation or prior history etc. Figure 2b and 2¢ show MP,
and MP,, for the accumulation and nuclei modes respectively.
During periods when episodic squalls were at the site (Day of
Year - DOY 216 @ 18:00; 211 @ 15:00) and when the
excursion in RH (not shown) suggested earlier squalls upwind
(DOY 214 @ 15:00) both CN number or total mass decrease
significantly while the MP values show little change.

Regular diurnal excursions in ozone evident in Figure 2a
also relate to aerosol behavior. A superposition of these
measurements relative to each daily mean (Figure 3) for the
experiment revéal a mean diurnal cycle consistent with a
complete chemical model of the ozone budget for the equatorial
Pacific [Thompson et al., 1993]. Our measurements have a
greater amplitude because they were made near the seasonal
ozone maximum, resulting in values approaching twice those of
Thompson et al. measured in February-March near the seasonal
minimum [Oltmans and Kombhyr, 1986]. The diurnal decrease
in ozone is due to photochemical destruction and formation of
OH but the compensating increase in ozone at night (Figure 3)
reflects a replenishment by subsidence and entrainment from
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aloft where ozone concentrations are higher. This entrainment
of ozone into the MBL must also be accompanied by an
entrainment of aerosol from aloft.

Since entrainment rates could not be calculated without
ozone profile information we interpret our data with reference
to previous measurements (March, 1993) on CI (S.Oltmans,
NOAA/CMDL, personal correspondence). These data show an
ncreasing linear gradient in ozone concentrations between the
surface and about 1,800m with higher and more variable values
above. The ratio of values at 1,800m to surface values varied
from 1.2 to 3.6 for the 9 cases we examined but averaged about
a factor of 2. In order to assess the significance of the
entrainment rate, we estimate it from a simple model that
includes these previous observations and a constant surface
deposition velocity (v, of 0.05 cm s [Warneck, 1988], our
mean measured daily surface ozone concentration (C,) of
14.5ppb and the mean observed rate of increase (dC,/dt) during
the night of about 4.3 ppb day™.

Subsidence into the MBL will result in both boundary layer
growth (and/or divergence) while mixing both ozone and air
into the MBL. Hence, the time rate of change of nighttime
ozone mass [Mass=Concentration(C) x height (h) x Area] in a
unit area column in the MBL can be approximated by:

Cpedvdt +hdC, /dt=C,w,+Cy, m
C,.. is average concentration in column, C, and C, the
concentrations above the MBL (top of column) and at the
surface respectively and w,, the entrainment (subsidence) rate.
For a linear gradient, C,,, can be written as (C,+C))/2 and if C,
is assumed to vary slowly and randomly relative to diurnal
changes in C, then the mean dC/dt=0. If the increase in column
volume represented above as dh/dt is replaced with w, we get,

w, = 1/(C/C,-1) [ (h /C)AC/dt +2v, ] 1))

For our observed values of C, and dC /dt this expression is most
sensitive to the ratio of C/C, and h. In Table 1 we select three
ratios (R) that encompass most of the 9 profiles mentioned
above and three heights that span the range of mixed layer
heights suggested by our radiosonde data. Relatively constant
ozone values between the equator and Samoa [Thompson et al.,
1993] and the nine years of measurements at Samoa [Oltmans
and Komyhr, 1986] that show a July-August peak in average
monthly surface values of about 20ppb suggest that an estimate
of about 30 ppb above the mixed layer is likely at CIL,
corresponding to about R=2 in Table 1. The underlined values
in Table 1 reflect our favored assumptions that either R=2 is
most representative and independent of height (vertical entries)
or that R tends to increase with height (diagonal entries).
Together these values show w,=0.4-0.8 cm s’ to be
representative of our data and consistent with estimates
[Huebert et al., this issue] from another method. The table also

Table 1. Estimated w, (cm s™) and MBL replenishment time

w, Days
h(m) R=15 R=2 R=25 R=15 R=2 R=25
800 075 037 0.25 1.2 2.5
1200 051 034 1.4 2.7 4.0
1800 14 072 048 L5 29 44
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shows the related time to fill the mixed layer with subsiding air
(replenish time or 50/50 dilution time) of 2-3 days.

In view of this entrainment, it is of interest to compare the
size distribution in early moming, before the onset of
photochemistry, to the distribution in the late afternoon. Figure
1 reveals aerosol number concentrations in the minima region
are higher in the morning than the afternoon and have slightly
larger sizes in the afternoon. Because this distinction is not
always so apparent, we return to the notion of mass per particle
introduced above for modes larger and smaller than 0.09um.
Note that the number increase (Figure 1) for the nuclei mode is
greatest for the larger sizes in that mode, tending to raise values
of MP, while for the accumulation mode the increase is at the
smallest diameters and tends to lower MP,. Consequently, an
increase of particles distributed over the cloud-processed
minima will have opposite effects on the values of MP, and
MP,. This behaviour is clearly evident in Figure 2b and 2¢ both
diurnally and over longer periods. The lack of variability for
sizes below about 0.05um (Figure 1) suggests that these sizes
and concentrations are similar to values aloft. This implies that
MBL removal mechanisms are slow for these sizes, consistent
with both their slow diffusion/coagulation and their inability to
activate in the non-precipitating cumulus typical for this region.
Aerosol larger than 0.1pm tend to be fewer in the morning than
the afternoon, indicating that the aerosol aloft has fewer large
particles than in the ‘boundary layer. These observations and
the tendency for maximum change near the intermode minima,
suggest that the aerosol aloft is monomodal with a number peak
between about 0.06 and 0.1 um. This agrees with modeled
size distributions for aged subsiding aerosol nucleated in the
upper troposphere [Raes, 1995].

Our inability to directly confirm this inferred monomodal
size distribution for the subsiding air at CI prompted related
measurements one year later at Mauna Loa Observatory (MLO,
alt. 3,400m) and a coastal site, Kumukahi, in Hawaii on July
23-24, 1995. Although Hawaii is not in the same equatorial air
mass, at this time of year it is characterized by pollution-free
long-range transport, a regional scale subsidence into the MBL
and comparable meteorology. We chose a period with E-NE
flow both at the surface and at MLO with wind speeds about 6
ms™ for both so that air above and below the inversion would
have moved together for several days. The meteorological
condition most different from CI was the presence of more
developed cumulus in the MBL accompanied by occasional
showers. DMA distributions were accumulated at MLO during
nighttime downslope flow (01:00 LST) characteristic of the free
troposphere and compared with a sea-level distribution from
later that day during onshore flow.(ca. 14:00 LST). Figure 4
show that the nighttime MLO distribution is monomodal with
a peak diameter near 0.06pum while the coastal MBL aerosol is
bimodal with an intermode "cloud processed" minima at about
the same diameter as CI. These data reveal a higher
concentration of monomodal nuclei aloft (3,400m) that can
subside into the MBL where they both grow and are removed
in response to cloud processes, as described for CI. In both
regions the cloud processed minima for the ammonium sulfate
aerosol distribution (Figures 1 and 4) would be expected after
activation in cloud at about 0.35% supersaturation (consistent
with updrafts of about 1 m s™) [Pruppacher and Klett, 1980].

The time series of MP, values for the CI accumulation mode
tend to increase during daytime and decrease at night (Figure
2c¢). This suggests a daytime growth in response to
photochemical production of sulfate [Huebert et al., this issue]
or aqueous phase oxidation of SO,, that is sufficient to
overcome the decrease arising from the continuous entrainment
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Fig. 4. Averaged DMA number distributions corrected to
elfective concentrations at surface pressure: measured at
MLO (3,400m) during clean free troposphere conditions
(solid square) and a clean surface marine case measured at the
Kumukahi coast (open square) measured within 16 hours of
each other under steady trade wind flow similar to conditions
at Christmas Island.

of smaller particles. The average apparent daytime increase in
MP, (in units of pptv per particle per cm’) over the 12 days is
about 0.18 (Figure 2c). The average nighttime decrease of 0.20
is assumed to reflect constant entrainment so we must increase
the "apparent" daytime increase in Mp, to 0.38 to account for
this continuous loss term. For a mean MBL accumulation mode
aerosol concentration of 150 cm™ this implies about 55pptv
sulfate formed per day or 25% of the total in this mode. This
suggests a replenishment time for aerosol mass in the region of
about 4 days. This is about 70% of the 74pptv reported for total
filter measurements [Huebert et al., this issue]. Although
uncertainties in absolute quantities present in the combined
techniques (about 20% for DMA data and 10% for filter data)
could account for this difference, we expect that some of this is
due to accumulation of sulfate on sizes larger than the 0.4um
measured by the DMA.

Conclusion

We have characterized the changes in submicrometer MBL
aerosol in response to diurnal processes associated with
entrainment and aerosol growth in the remote MBL. We found
no evidence for significant particle production in the MBL. The
variability of ozone is consistent with photochemical models for
this region and suggests an entrainment rate of about 0.6 cm s™
that can replenish MBL aerosol number in about 2-4 days with
aged nuclei from the free troposphere. The data also suggest
that about 20% of the measured DMS flux is eventually
converted to sulfate on the accumulation mode particles with
diameters below 0.3um. A combination of cloud processes
(nonprecipitating) and photochemical formation appears to
result in preferential growth of cloud activated aerosol
(D,>0.07um) that amounts to about 25% of the mean
submicrometer sulfate. This suggests a 4 day replenishment
time for aerosol mass that is similar to the entrainment time
scales and helps explain the quasi-stable size distribution and
submicometer mass in this low precipitation region.

Acknowledgements. We appreciate the pleasure of having worked
with the rescarch teams of Alan Bandy and Barry Hucbert-in this
experiment. We thank Dr. S. Oltmans, (NOAA/CMDL) for loan of his
ozone monitor and Jeff Yin for his assistance. We are grateful for the

CLARKE ET AL.: AEROSOL DYNAMICS IN THE EQUATORIAL MARINE BOUNDARY LAYER

cooperation of the Kiribas government, LPD Minister David Yeeting
and Meteorological Officer Ben Takaai. This work was supported by
Ed Green under ONR grant N00014-94-1-0539.

References

Bandy, AR., D.C. Thomton, B.W. Bloomquist, S. Chen, T. Wade, J.
Ianni, G. Mitchell and W. Nadier, Formation and Removal of Sulfur
Dioxide, Dimethylsulfoxide, and Dimethylsulfone in the Equatorial
Pacific Marine Boundary Layer, Geophys. Res. Lett., this issue.

Charlson, RJ., J.E Lovelock, M.O.Andreac and S.G.Warren, Nature,
vol.326, pg.665, 1987

Charison, R.J., SE. Schwartz, JM. Hales, R.D. Cess, J A. Coakley,Jr.,
JE. Hansen and D.J. Hofmann, "Climate Forcing by
Anthropogenic Acrosols”, Science, 255, 423430, 1992.

Clarke, A.D.,"Atmospheric Nuclei in the Pacific Midtroposphere:
There Nature, Concentration and Evolution", J. Geophysical
Research, vol.98, NO.D11, 20,633-20647, 1993a

Clarke, AD. and JN. Porter, Pacific Marine Acrosol Part II: Equatorial
Gradients, Ammonium and Chlorophyll During SAGA3, Jour.
Geophys. Res.,98,D9, 16,997-17,010, 1993b

Covert, D.S., VN. Kapustin, PX. Quinn, and T.S. Bates, New
Particle Formation in the Marine boundary Layer, J. Geophys. Res.,
92,20,581-20,589, 1992.

Covert, D.S., VN. Kapustin, T.S. Bates, and P.K. Quinn, Physical
Properties of Marine Boundary Layer Acrosol Particles of the Mid-
Pacific in relation to sources and Meteorological Transport, J.
Geophys. Res., (submitted)

Hegg, D. A., D.S. Covert, and V.N. Kapustin, Modeling a Case of
Particle Nucleation in the Marine Boundary layer, J. Geophys. Res.,
97,9851-9857, 1992.

Hoppel, W.A., GM. Frick and RE. Larson, Effects of Non-
Precipitating Clouds on the Aerosol Size Distribution in the Marine
Boundary Layer, Geophys. Res. Lett., 125-128, 1986.

Hoppel, W.A,, GM. Frick, J.W. Fitzgerald and R.E. Larson, Marine
Boundary Layer Measurements of New Particle Production and the
effects of Non-Precipitating Clouds on the Aecrosol Size-
Distribution, J. Geophys. Res., 99, 14,413-14,459, 1994.

Huebert, B.J., D.J. Wylic, L. Zhuang and J.A. Heath, Production and
Loss of Methanesulfonate and Non-seasalt sulfate in the Equatorial
Pacific Marine Boundary Layer, Geophys. Res. Lett., this issue.

Oltmans, S.J. and W.D. Komhyr, Surface ozone Distributions and
Variations from 1973-1984 Measurements at the NOAA-GMCC
Bascline Stations, J. Geophys. Res., 91, 5229-5236, 1986.

Pruppacher, HR. and JDKlett, Microphysics of Clouds and
Precipitation, Reidel, Dortrecht, Holland, 1980.

Raes, F., Entrainment of Free-Torpospheric Acrosol as a regulating
Mechanism for Cloud Condensation Nuclei in the Remote Marine
Boundary Layer, J. Geophys. Res., 100, 2893-2903, 1995.

Raes, F and R. Van Dingenen, Simulations of Condensation Nuclei
and Cloud Condensation Nuclei from Biogenic SO, in the remote
Marine layer,J. Geophys. Res., 97, 12,901-12,912, 1992

Shaw, G., Production of Condensation Nuclei in Clean Air by
Nucleation of H,SO,, Atmos. Env.,23,2841-2846, 1989.

Thompson, A M. et al., Ozonc Observations and a Model of Marine
Boundary Layer Photochemistry During SAGA 3, J. Geophys.
Res., 98, 16,955-16,968, 1993.

A.D. Clarke and M. Litchy, Department of Oceanography,
University of Hawaii, 1000 Pope Road, MSB 307, Honolulu, HI
96822.

Z. Li, Department of Meteorology, University of Hawaii, 2525
Correa Road, Honolulu, HI 96822.

(Received May 31, 1995; accepted September 17, 1995.)



