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Use of a mixed-layer model to estimate dimethylsulfide 
flux and application to other trace gas fluxes 

Donald H. Lenschow and Ilga R. Paluch 
National Center for Atmospheric Research, Boulder, Colorado 

Alan R. Bandy and Donald C. Thornton 
Department of Chemistry, Drexel University, Philadelphia, Pennsylvania 

Donald R. Blake and Isobel Simpson 
Department of Chemistry, University of California, Irvine 

Abstract. We discuss two techniques based on mixed-layer scaling for estimating 
trace gas surface emission fluxes from aircraft using instruments that do not have 
sufficient frequency response for direct eddy correlation measurements. The first 
is the mixed-layer gradient technique, which requires accurate measurements of 
mean concentrations at several heights in the clear convective planetary boundary 
layer (CBL) to resolve gradients from even strong surface sources of short-lived 
trace gases. The flux-gradient relationship is obtained from large-eddy numerical 
simulations of the CBLo We show that this technique is limited to trace gases 
with lifetimes of about a day or less. An example is dimethylsulfide (DMS), 
which is emitted from the ocean and has a lifetime of about a day. Surface DMS 
flux was estimated from data collected from the NASA P-3B research aircraft 

during the Pacific Exploratory Mission-Tropics (PEM-Tropics) flight 7 (August 
24, 1996), when the aircraft flew a sequence of constant altitude circles about 50 
km in diameter at different heights in and above the boundary layer, following 
the boundary layer air trajectory. The flight took place between 0530 and 1330 
local solar time, providing a good opportunity to observe diurnal changes within 
a Lagrangian framework under nearly clear-sky conditions. The resulting DMS 
flux of 2.5 q- 0.8 pptv m s -• (6.1 q- 1.9) x 10 • molecules m -: s -•, or 8.84-2.8 
/•mols m -: d -•) is on the high end of previous measurements in this milieu. The 
second technique is the mixed-layer variance technique, which uses measurements 
of the variance at several heights in the CBL to estimate the surface flux. A major 
problem with the variance technique is accounting for the contribution of mesoscale 
variability to the measured variance. Several sources of mesoscale variability were 
identified: clusters of small cumulus clouds rising through the top of the boundary 
layer, mesoscale variations in the horizontal wind leading to inaccurate tracking 
of the air mass and, to a lesser extent, the presence of horizontal roll vortices in 
some areas of the boundary layer. We show that the variance technique should be 
applicable to estimating surface fluxes of short-lived trace gases in cumulus-free 
boundary layers that are horizontally uniform, if sample-collection times of about 
10 s or less are used. We also show that it may be possible to utilize mesoscale 
variance measurements to estimate surface fluxes and lifetimes of species which 
have lifetimes of perhaps a week or more. 

1. Introduction 

Dimethyl sulfide (DMS), produced by phytoplankton, 
is the dominant sulfur species emitted from the oceans 

Copyright 1999 by the American Geophysical Union. 

Paper number 1998JD100090. 
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[e.go, Bates et al., 1992]. Its oxidation product, par- 
ticulate sulfate, is believed to be the primary source of 
cloud condensation nuclei (CCN) in the remote marine 
atmosphere. The potential link between DMS and CCN 
in the marine troposphere was postulated by Charlson 
etak [1987] as a possible negative feedback for control 
of global warming. This hypothesis has generated much 
interest in the measurement of DMS. 

16,275 
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However, due to low concentrations (•_300 pptv) and 
irreversible adsorption of DMS in many analytical sys- 
tems, the measurement of atmospheric DMS has been 
restricted to grab sampling techniques [Andreae and 
Andreae• 1988; Bates et al., 1990; Eisele and Berresheim, 
1992; Berresheim et al., 1993]. Typically, DMS is mea- 
sured via sampling onto sorbents or cryogenically, then 
analyzed via gas chromatography with flame photo- 
metric, mass spectrometric, or electron capture detec- 
tion [Bandy et al., 1992, 1993; Berresheim et al., 1993; 
Blomquist et al., 1996]. Loss of temporal resolution due 
to slow sampling (-•5-15 min) and analysis time (-•5- 
30 min) preclude the use of direct eddy correlation or 
variance techniques. 

In the Pacific Exploratory Mission-Tropics (PEM- 
Tropics), DMS was sampled over 5 min intervals, which 
corresponds to a distance of about 30 km. Therefore 
we resort to estimating fluxes by using a mixed-layer 
model that relates fluxes at the surface and the top of 
the clear convective boundary layer (CBL) to the gra- 
dient in concentration throughout the CBL. Russell et 
al. [1998] have used the same technique for estimating 
DMS emission during the first Aerosol Characterization 
Experiment (ACE 1). 

In addition to DMS, which has a lifetime of about a 
day, other photochemically reactive species with sources 
at the surface, but with lifetimes of 4 to 25 days, 
were measured in PEM-Tropics: bromoform (CHBr3), 
methyl iodide (CH3I), methyl nitrate (CHsONO2), and 
ethyl nitrate (C2H•ONO•). These species were mea- 
sured from grab samples collected over a period of about 
I min every 5 min. We show that I min (6 km) is 
too long a collection time for estimating surface flux 
by variance that scales with the height of the bound- 
ary layer zi, which here was 570 m. Furthermore, 4 
days may already be too long to obtain estimates of 
their lifetimes and surface fluxes from mixed-layer scal- 
ing with the PEM-Tropics data. Yet we observe signif- 
icant variance in these species which give unreasonably 
short lifetimes if mixed-layer variance scaling is applied. 
We show that this is likely due to mesoscale variability, 
which is linked to surface flux and to the species lifetime 
through entrainment processes. Thus we hypothesize 
that estimates of surface flux and species lifetimes can 
be obtained from mixed-layer variance on the mesoscale. 

2. Flux Measurement by Mixed-Layer 
Scaling Techniques 

2.1• MixedøLayer Gradient Technique 

The top-down/bottom-up (TD-BU) mixed-layer gra- 
dient technique was first proposed by Wyngaard and 
Brost [1984]. The technique relates mixed layer gra- 
dients and variances of scalars to fluxes at the surface 

(surface emission or deposition) and at the top of the 
CBL (entrainment). Moeng and Wyngaard [1984, 1989] 
further refined the formulations using large-eddy nu- 

merical simulations (LES) of the CBL. The first appli- 
cations of this to flux measurements as well as limita- 

tions and conditions under which the TD-BU technique 
can be used were reported by Davis [1992] and Davis 
et al. [1994]. They obtained flux measurements of non- 
methane hydrocarbons from tethered balloon profiles in 
the Amazon and southeastern United States and also 

applied the technique to aircraft measurements to show 
that the LES-derived gradient functions were consistent 
with observations. The TD-BU technique is based on 
two hypotheses. The first is the concept of mixed-layer 
similarity• The mixed layer is that part of the CBL ly- 
ing above the surface layer (typically the first few tens 
of meters above the surface where the fluxes can be con- 

sidered constant) and below the turbulent entrainment 
layer that caps the CBL. The hypothesis argues that by 
scaling the mixed layer with zi, the convective velocity 
scale, 

w,- •Fozi , (1) 
and surface and entrainment fluxes of scalars, we can 
obtain universal formulations for mean and turbulence 

variables as functions of normalized height z, = z/zi. 
In (1), g is the acceleration of gravity, T is temperature, 
and F0 is the virtual temperature flux at the surface. 
The second hypothesis is that the transport of scalars 
from the top of the CBL down and from the bottom up 
are independent and each obeys a separate flux-gradient 
relationship. That is, 

OS F•o F•t 
= - gt (z,)• (2) Oz -go(z,) ziw, ziw,' 

where go (z,) and gt (z,) are the dimensionless bottom- 
up and top-down scalar gradient functions, and Fso and 
Fst are the surface and entrainment fluxes, respectively, 
of a scalar S. 

The measurements available from field studies are 

concentration differences rather than gradients. There- 
fore, to estimate fluxes, (2) must be integrated between 
two levels z,• and z,•, 

S2 S• Fsø f• z*2 •* .1 W, .1 
(a) 

Since •he righ• side of (3) contains •wo unknowns, F,0 
and F,t• a minimum of •hree fligh[ levels are required 
in order •o estimate [wo differences. 

Figure 1 shows the TD-BU gradien• functions 
and •(z,) for a buoyancy-driven CBL [Moen• and 
W•ngaard, 1984, 1989]. Various piecewise approxima- 
tions have been used for integrating •hese functions. 
Here we integrate them direcfiy from •abula•ed values 
(C.-H. Moeng• personal communication, 1998). 

The TD-BU gradient relationships have been derived 
for conserved scalars. These relationships should also 
hold for nonconserved scalars whose characteristic di- 

urnally averaged growth or decay time, 
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Figure 1. The dimensionless top-down and bottom- 
up gradient functions St(z,) and g•(z,) from large-eddy 
simulations of a buoyancy-driven turbulent boundary 
layer. 

Ts --[(1/S)Ds] -1, (4) 

is much slower than the characteristic turbulent mixing 
time [Lenschow, 1995], 

Here D8 is the diurnally averaged chemical rate of pro- 
duction or destruction of S (roughly 1/3 the midday 
growth/decay rate for photochemically reactive species). 
For flight 7, zi = 570 m, w. = 0.58 m s -1, and thus 
rt = 17 min. This is far shorter than the growth and 
decay times of the trace gases considered here, whose 
lifetimes are given in Table 1. 

2.2, Mixed=Layer Variance Technique 

Employing the TD-BU formulation, Moeng and Wyn- 
gaard [1984, 1989] also found from the LES results that 
the variance profile of a trace species generated by sur- 
face and entrainment fluxes that scale with z, is given 
by 

- lb+2 fbt+ ft (6) a• \ w, I w• k w, I ' 

where f• • zj ø's, ft • 3.1(1- z,)-3/2, and f•t • 1.5 
are the dimensionless bottom-up and top-down variance 
functions, and the TD-BU covariance function, respec- 
tively. For better accuracy, the values of the above func- 
tions can be read directly off the plots of LES results 
given by Moeng and Wyngaard [1989]. If the variances 
at any two levels of the sounding are known, then (6) 
can be solved for F• o and F•t by successive approxima- 
tions or graphical methods. 

The variance technique could be useful for evaluating 
fluxes for trace species whose gradients are too weak 
to be measured accurately and if the sampling time 
or sensor time constant is too long for a direct eddy- 
correlation approach• but short enough to resolve a sig- 
nificant fraction of the variance at the long-wavelength 

end of the power spectrum• The partial variance may 
then be related to the total variance by a scaling fac- 
tor. If we can assume spectral similarity, then this scal- 
ing factor could be obtained from a reference scalar for 
which high-rate data are available. Using this approach, 
the variance technique could be applied to flask sam- 
ples, if the sample collection time is short enough, and 
a sufficient number of samples is collected. 

At first glance, it may seem that the variance tech- 
nique is inherently more accurate than the gradient 
technique since variances can often be measured more 
accurately than mean differences and, disregarding 
other sources of error, the accuracy in the flux estimate 
is approximately equal to the accuracy in the variance 
estimate. However, a major problem is the difficulty in 
estimating the impact of mesoscale processes, as well as 
heterogeneity in the surface and CBL top on the pro- 
duction of variance. 

3. Measurements 

The data analyzed here were collected from the NASA 
P-3B research aircraft during P EM-Tropics flight 7. 
Davis et al. [this issue] and Considine et al. [this is- 
sue] give more details on the general conditions for this 
flight. On this day the aircraft flew constant altitude 
circles about 50 km in diameter (30 min duration) at 
different heights in the CBL in the vicinity of Christ- 
mas Island (2øN, 157o5øE). The sequence of circles ap- 
proximately follows the air mass trajectory in the CBL, 
which traveled to the WNW. The portion of the flight 
track within the CBL is plotted in Figure 2. 

In addition to the standard meteorological measure- 
ments (air and dew point temperatures, static pressure, 
etc.) recorded at 1 s intervals (or 100 m spacing for a 
typical P-3B airspeed of 100 rn s -1, the Turbulent Air 

Table 1. Estimated Diurnally Aver- 
aged Lifetime of Photochemically Ac- 
tive Trace Species at the Equator Us- 
ing Measured OH Concentrations, and 
Measured Normalized Standard Devia- 
tions and Mean Concentrations Measured 

With the NASA P-3B on Flight 7 

Species Lifetime s_• $, 
Days pptv 

DMS I n/a n/a 
CH3I 4 0.047 0.497 
CHBr3 13 0.054 2.235 

CH3ONO2 26 0.045 31.64 
C2H5ONO2 11 0.047 11.305 

CFC-12 c• 0.0086 521.4 

The standard deviation represents fluctu- 
ations collected from five or six samples over 
the flight leg with a sample collection time of 
I rain (or 6 km distance, which is 10zi). The 
variances er 8 were calculated after removing 
the diurnal variability, then normalized by 
the mean concentration at that level $. 
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PEM-Tropics, Flight//7 
08/24/96, 15:35:00-23:31:00 UTC 

7 -156 -155 -154 53 

LON (deg E) 

Figure 2. A partial view of the flight track on flight 7 (August 24, 1996, 1535-2331 UTC). The 
local solar time is 10 hours before UTC. To avoid clutter, the flight track from soundings is not 
included. The positions of the circles approximately follow the WNW air mass trajectory in the 
boundary layer. 

Motion Measurement System (TAMMS) recorded high- 
rate velocity, temperature, and humidity data at about 
18 samples s -1. The high-rate humidity data were ob- 
tained from a Lyman-alpha hygrometer. Because its 
calibration tends to drift with time, the data were nor- 
malized using a slower responding GE 1011 dew/frost 
point hygrometer. (The high-rate humidity data were 
recorded in units of g m -3 (J. Barrick, personal comu- 
nication, 1998), but the fluxes and variances here are 
converted to g kg-lo) In the CBL on flight 7 the fast- 
response temperature probe frequently shorted out due 
to contamination by salt particles; thus the data were 
not suitable for flux and variance calculations in the 

CBL. 

DMS and S02 were sampled over 5 min (30 km) in- 
tervals, whereas most other trace gas species concentra- 
tions considered here were estimated from grab samples 
collected over a I min (6 km) period roughly once every 
5 min [Bandy et al., 1993; Blake et al. 1996]. 

4. Diurnal Variations 

On flight 7 the CBL data were collected between 0530 
and 1330 local solar time, during which the concen- 
trations of DMS, SO2, CHBr3, and CHsI underwent 
gradual changes, as shown in Figures 3 and 4. The 
squares, crosses, and asterisks mark data from circles 
in the boundary layer where z, = 0.11,0.27, and 0.53, 
respectively. The low DMS and SO• concentrations rep- 
resent data collected above the CBL. The DMS destruc- 

tion and the SO• production rates nearly balance each 
other, producing little change in the total DMS + SO• 
concentration. The estimated net rates, represented by 

the slopes of the lines in Figures 3 and 4, are listed in 
Table 2. During the flight the sky was mostly clear, 
with some small scattered clouds above the CBL (see 
Figure 10). 

To obtain changes in concentration as a function of 
z,, all CBL data were normalized to the early morn- 
ing valuesø Vertical gradients in DMS, SO•, CHBr•, 
CHsI, CHsONO2, and C:H5ONO• are shown in Fig- 
ure 5. The error bars represent the 90% confidence 
limit using the Student's t test. As can be seen, the ex- 
pected errors tend to be large. They arise from horizon- 
tal variability coupled with limited sampling intervals. 
We shall limit surface flux calculations to D MS because 

only D MS shows a significant gradient near the surface 
that is well outside the range of the error bars. 

5. DMS Surface Flux Estimates 

5.1. Flux From Mixed-Layer Gradients 

In this section we carry out the evaluation of DMS 
emission from the oceanø To do this, we first need to 
evaluate the convective velocity w,. Since we were not 
able to estimate the surface buoyancy flux directly, we 
estimate w, by the following two techniques: (1) us- 
ing the relation for the vertical velocity variance in the 
mixed layer [Lenschow et alo, 1980]• 

• (z,) loSz, 2/3 )2 2 a w - (1.-0.8z, w, . (7) 

From soundings, we estimate zi = 570 m. For flight 
levels z, = 0o11, 0•27, and 0ø53, which we denote as 
levels 1 to 3, we obtain aw = 0.34, 0.39, and 0.35 m 
s -1, which give w, - 0.58, 0.58, and 0.56 m s -1. This 
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Figure 4. Same as Figure 3, but for CHBr3 and CH3I. 
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Figure 3o Changes in DMS and SO2 concentrations 
with time (UTC). The local solar time is 10 hours ear- 
lier. The squares, crosses, and asterisks represent 5 min 
data samples from circles in the boundary layer where 
the normalized altitude z, is 0.11, 0.27, and 0.53, re- 
spectively. Lower DMS and SO2 concentrations were 
observed above the boundary layer. To avoid clutter, 
these samples are not marked by symbols. The straight 
line shows the diurnal changes in DMS and SO2, es- 
timated so as to minimize variance in the normalized 
data set. 

agrees well with the estimates of Considine et al. [this 
issue]o (2) Using the aerodynamic transfer technique 
[eog., Lenschow, 1995] to estimate the surface temper- 
ature and humidity fluxes is the other means for esti- 
mating w,. We assume a transfer coefficient for both 
of 1.3 x 10 -s, use the measured radiation sea surface 
temperature of 26o8øC, and estimates of the air tem- 
perature and humidity at the reference height for the 
aerodynamic transfer calculation of 299.1 K and 16.5 g 
kg -1, respectively, to obtain w, = 0.72 m s -•. However, 
primarily because of possible errors in the air and sea 
surface temperatures (J• Barrick, personal communica- 

Table 2. Estimates of time changes in species 
concentration measured from the NASA P-3B 

during Flight 7 

Species to, d-•, hours. solar time pptv h-1 
DMS 8.75 -6.0 -0.10 

SO2 8.75 7.0 0.12 
CHBr3 8.50 -0.12 -0.06 
CHsI 10.0 -0.012 -0.025 

Here to is the starting time for the estimates. 
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Figure 5. Vertical profiles of DMS, SO2, CHBr3, CH3I, CH3ONO2, and C2H5ONO2 as a 
function of normalized altitude z.. The error bars represent the 90% confidence limit using the 
Student's t test. 

tion, 1998), we consider technique 2 to be less accurate 
than technique I and use w. - 0.58 m s -1. 

The measured concentration differences inserted into 

(3) are S• - $1 = 4ø5 4- 1o8 parts per trillion by volume 
(pptv) and S3 - $1 = 4.7 + 1.8 pptv, where the plus 
or minus values are the 90% confidence limits for the 

Student's t test. Solving the above equations gives a 
small negative (downward) DMS flux at the CBL top 
(Fst = -0.3 4- 1.3 pptv m s-l), which is insignificantly 
different from zero, and physically implausible, since 
the DMS concentration drops rapidly above the CBL 
top (Figure 3). Hence we calculate the DMS surface 
flux assuming that the DMS flux at the CBL top is 
zero. (Ignoring the negative Fst has a negligible ef- 
fect on the surface flux estimate.) For the lowest two 
flight levels this gives F•0 - 2.6 + 1.0 pptv m s -1 
(6.3+2.4 x 1013 molecules m -• s -i, or 9.1 + 3.5/•mols 
m -2 d -1). As before, the estimated errors represent the 
90% confidence limit in the Student's t test. Similarly, 
for flight levels I and 3:F0 - 2.4 + 0.9 pptv m s -1 
(5.9+2.2 x 1013 molecules m -• s -i, or 8.5+3.2/•mols 
m -2 d -1). Thus the average flux of DMS is 2.5 + 0.8 
ppt m s -1 (6.1+1.9 x 1013 molecules m -• s-i). 

5.2. Comparisons With Previous DMS Flux 
Estimates 

Davis et al. [this issue] used the measured mean 
DMS concentrations from flight 7 in a mass conserva- 
tion model that included photochemical reactions and 
parameterized transport terms to estimate a surface 
flux of F0 - 1.0+0o6 pptv m s -1 (2.34-1.4 x 1013 
molecules m -• s-1). We can also compare our results 
with the estimates from Bandy et al. [1996], who report 
F0 - 1.5 pptv m s -1 (3.7 x 1013 molecules m -2 s -1 or 
5.3 •u mols m -• d -1) for the average surface DMS flux 
deduced from mean D MS measurements on the north- 

east end of Christmas Island at the top of a 20 m tower, 
15 m from the ocean, during July and August 1994. 
The flux estimate was based on nighttime observations 
and column budgets (no advection of horizontal inho- 
mogeneities), assuming an entrainment velocity at the 
CBL top of 5 mm s-1o The surface DMS flux estimates 
for 5 different days ranged from 0.9 to 1.8 pptv ms -1 
(2.2 to 4ø5 x 1013 molecules m -• S --1 or (3.2 to 6.5/•mols 
m -2 d -1). In the Soviet-American Gas and Aerosol Ex- 
periment (SAGA 3) in the equatorial Pacific, Bates et 
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al. [1993] used DMS partial pressures in surface seawa- 
ter and the overlying atmosphere, and wind speed mea- 
sured aboard a ship, to derive an average DMS surface 
flux of 7.1 •umols m -2 d -• (4.9x 10 •3 molecules m -2 s -•, 
or 2.0 pptv m s -1), with maximum values reaching 21.2 
/•mols m -• d -• (14.7x10 •3 molecules m -• s -•, or 6.0 
pptv m s -•). 

Compared to the other estimates of DMS surface flux, 
our average value of 2.5 4- 0ø8 pptv m s -• for flight 7 
is on the high side• but in view of the variability of 
the observed fluxes, it is not inconsistent with previous 
measurementso 

During the daytime on flight 7 the DMS concentra- 
tion in the CBL decreased at a rate of about 6 pptv h -• 
(144 pptv d -•). This is at the low end of the Bandy et 
al. [1996] observations which for daytime hours are in 
the range of 143-393 pptv d -•. 

Assuming no diurnal variations in the surface flux, 
the expected increase in DMS in the CBL due to surface 
flux alone would be (2.5 pptv m s -• x 3600 s h -•)/570 
m - 16 pptv h -• (380 pptv d -•). This value is signif- 
icantly higher than the 95-216 pptv d -• increase that 
Bandy et aL [1996] estimated for nighttime conditions, 
who also estimated a DMS flux through the CBL top 
of 53-98 pptv d -•. 

On the basis of the data presented here, the upper 
limit for the daytime DMS chemical destruction rate 
(i.e., the rate at which DMS is being destroyed rather 
than the observed rate of concentration decrease), as- 
suming zero flux at the boundary layer top, is 22 pptv 
h -1 (530 pptv d-l), whereas Bandy et al. 's [1996] data 
are in the 332-505 pptv d -• range. (These rates per- 
tain to midday hours; the diurnally averaged rates are 
about 1/3 of the above values.) 

6. Applications and Limitations of the 
Mixed-Layer Gradient Approach 

The mixed-layer gradient approach works well for 
species with a lifetime of order I day such as DMS. 
However, as we show here• it is not applicable to species 
with lifetimes much greater than a day. To demonstrate 
this, we start with the budget equation for a reactive 
trace species in a horizontally homogeneous CBL: 

dS OF, 05 
= - 0-7 - - (8) 

where the mean vertical air velocity is related to the 
mean atmospheric subsidence sub(z) by the relation 

W(z) - - (0) 

We average a photochemically reactive species across 
the diurnal cycle and assume the diurnally averaged 
concentration is in steady state. Then integrating (8) 
across the CBL where OS/Oz is small, and introducing 
(4) gives 

fo F,• o - F,• t = D ,• d z - z i , (10) 
'rs 

where (S) is an average concentration through the entire 
CBL. 

The error bars in Figure 5 place limits on the mini- 
mum gradients that can be measured near the surface. 
To estimate this minimum gradient, we assume negligi- 
ble entrainment flux so that (10) reduces to 

Fs0 •- (S} z_/. (11) 

Therefore, with (4), (5), and (11), the relationship (3) 
can be expressed • 

g.2 (& - (1:) 
.1 

For the present case, wt = 17 rain, and the integral of the 
bottom-up gradient function g• (z,) between z, = O. 11 
and 0.53 is 1.14. For gases other than D MS the error 
bars in Figure 5 are at about •3%, which when sub- 
stituted for (S• - S•)/(S) gives • = 10 hours. Thus, 
for the flight altitudes, sampling strategy, and mete- 
orological and chemical environment that characterize 
flight 7, we would not expect to see surface gradi- 
ents for gases whose lifetimes are much longer than 10 
hours. (The 10 hours is conservative, since this assumes 
that the measurements in each flight circle are inde- 
pendent.) The lifetime for CHsI is about 4 days, and 
for CHBrs, CHsONO•, and C•H•ONO• it is about 1- 
2 weeks, which explains why the mixed-layer gradients 
for these gases (shown in Figure 5) are not well-defined, 
although both CHsI and CHBrs show a significant de- 
crease at the upper level compared to the two lower 
levels. These are the two species (besides DMS and 
SO•) that also show a significant diurnal change. Their 
daytime decay rates (Table 2) indicate a diurnally aver- 
aged lifetime of 5 days for CHsI and 2 days-for CHBrs, 
in contrast to the values predicted in Table 1 of about 
4 and 13 days, respectively• 

The •s estimate is quite sensitive to the lowest mea- 
sured value of z,, since g•(z,) increases rapidly as z, • 
0 (Figure 1). For example, if the flight level were lower 
or the CBL top were higher so that the lowest z, = 0.07, 
instead of 0.11, then the integrated value of g•(z,), and 
consequently the maximum value of • that can be es- 
timated, would be about 2 times larger. 

We can extend our consideration of the concentration 

profile to levels above the CBL• since profiles even for 
species with lifetimes of the order of a day (e•g., DMS) 
indicate significant concentrations above the CBL. As 
discussed, for example, by Russell et al. [1998], entrain- 
ment can occur in both directions across the CBL top, 
due to both cloud and clear-air processes. In the pres- 
ence of clouds this layer immediately above the CBL, 
which contains a mixture of CBL and free-tropospheric 
air, has been called the cloud layer [e.go, LeMone, 1980]. 
However, since this twolayer structure can also form in 
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the absence of clouds, following Russell et al., we call 
this layer the buffer layer (BuL). Integrating (8) from 
zi to a level hs where $ -+ 0, 

Fst - Ds + Oz/ dz. (13) i 

Therefore, substituting (13) into (10), 

= + + dz. (14) 

Equation (14) can also be used to estimate the sur- 
face flux for a steady state species (averaged over the 
diurnal cycle) whose sole source is at the surface and 
whose destruction rate is proportional to the mean con- 
centration without assuming negligible transport across 
the CBL top. The ratio of the second (mean motion) 
term to the first term in the integral term of (14) is 
I•Vrs/H, where ITV is a characteristic mean vertical ve- 
locity of the layer over which we integrate, typically of 
order 10 -3 m s -1 in the tropical CBL [Fuelberg et al., 
this issue], and H is an equivalent height defined by 

•z h• H- (S) -1 Sdz. (15) 

A typical value for H over the tropical ocean is of order 
103 m. Thus the contribution of the second term in the 
integral term of (14) is only significant (on about the 
10% level) if rs is greater than about a day (and thus 
typically is marginally significant for DMS). If rs is less 
than about a day, 

/z h• rsFso - IS)zi + Sdz, (16) 
i 

so that knowing the mean concentration profile and ei- 
ther the surface flux or the time constant, we can solve 
for the remaining unknown. Equation (16) (or (14) for 
cases when the mean motion term is significant) should 
be useful for species with considerably longer lifetimes 
than those for which (12) can be used. 

Finally, we note that we can estimate the ratio of 
species lifetimes through the following approach. From 
(4) and (13), assuming negligible mean vertical velocity, 
we have 

Fs, -- T• -1 Sdz. (17) 
i 

As shown by Russell et al. [1998], we can also write 

Fst = -WebAS, (18) 

where Web is the entrainment velocity of air from the 
CBL into the BuL and AS = SB, - (S) is a character- 
istic jump in $ across the CBL top. We can combine 
(17) and (18), carry out the same procedure for another 
species R with a different reaction time rr, and take the 
ratio of the two to obtain 

• = AS fz•" adz' (19) 
As pointed out by Lenschow [1996], estimating the ap- 
propriate jump in species concentration to use in (18) 
is difficult, especially when the jump is small (as is the 
case for longer-lived species). However, taking the ratio 
of the two species means that we need only select the 
same measurement levels for both species to estimate 
the jump. 

We can test the timescale ratio relationship (19) for 
DMS and CH3I using the observed vertical profiles given 
by Davis et al. [this issue]. We find that selecting 
the upper level at .900 m, where a set of D MS mea- 
surements were obtained, the observations indicate a 
timescale ratio of CH3I to DMS of about 5, which is in 
reasonable agreement with the predicted ratio (Table 
1). 

7. Variance Technique 

In this section we discuss the mixed-layer variance 
technique for variance generated by surface and entrain- 
ment fluxes that scale with zi, as has been studied by 
LES. The observations show, however, that variance ex- 
ists at horizontal scales longer than zi. 

7.1. Scale-Dependent Contributions 
to Moisture Flux •nd Variance 

During P EM-Tropics a number of trace species were 
averaged over a 1 min (6 km) sampling period, which 
for the present CBL correspond to a horizontal dis- 
tance of 10zi. The variance technique, on the other 
hand, depends on variance functions obtained via an 
LES model covering a 5zi by 5zi area [Moeng and Wyn- 
guard, 1984]. Thus the current variance formulation ap- 
plies only to fluxes and variances up to 5zi wavelengths. 
One approach we considered was to extend the variance 
technique to longer wavelengths by using a surrogate 
scalar with a large surface flux for which smaller-scale 
measurements were available. Here humidity was used, 
since it was sampled at about 18 s -• by the TAMMS. 
We can then try to calculate a scale factor that relates 
contributions to the humidity variance for wavelengths 
> 10zi to contributions for wavelengths <5zi. 

Figure 6 shows the power spectra of humidity and 
vertical velocity fluctuations, and their cospectra for 
a 50 km (88zi) diameter circle at z, - 0.11. Here 
the longer wavelengths (i.e., >5 km) make significant 
contributions to the humidity variance (area under the 
power spectrum) but contribute very little to the ver- 
tical velocity variance and, consequently, little to the 
total humidity flux Fq (area under the cospectrum). 
Here, and in other data not shown, the contribution 
from wavelengths >10zi to the total humidity flux is 
quite variable, so that no well-defined relationship can 
be established between humidity variance contributions 
for wavelengths >10zi and wavelengths <5zi. 
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Figure 6. Mesoscale contributions to power spectra (PSD) times frequency of specific humidity 
(q, g2 kg-2)• vertical velocity (WI• m 2 s-2), and their cospectra. The plots are based on high-rate 
data, collected at about 18 samples/s, during the first two circles at z, = 0.11. The diagonal 
line in the power spectra plots shows the 2/3 slope, characteristic of turbulence in the inertial 
subrange. The two vertical lines on the q power spectra mark frequencies at 10zi and 5zi. 



16,284 LENSCHOW ET ALo: DMS FLUX VIA A MIXED-LAYER MODEL 

We conclude therefore that the I min (10zi) averag- 
ing time for trace gas species is clearly too long to ob- 
tain a reliable scaling factor from the present high-rate 
humidity data to estimate surface flux from variance 
generated by eddies that scale with zi. However, if the 
sampling time were reduced to 10 s, which is probably 
the shortest feasible sampling time for flask samples, 
then the samples would average over wavelengths up 
to 1 km, which here corresponds to 1.8zi. This cut- 
off would allow measurement of variance at scales that 

include contributions by eddies that scale with the con- 
vective eddies driven by the surface buoyancy flux, so 
that there would be a much better chance for obtain- 

ing a reliable scaling factor relating the variance scaling 
with zi to the flux. 
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Figure 7. The humidity variance (t7q) 2 (g kg-1) 2 and 
the correlation coefficient Fq/(CwCq) for wavelengths 
< 5.3zi. Each data point represents the variance calcu- 
lated from high-rate data during one constant-altitude 
circleo The data were collected from 0530 to 1330 lo- 

cal time (1536-2330 UTC). The highest variance value 
(0.125 at z, = 0.53) comes from the first circle 0536- 
0602 local time. 
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Figure 8o Normalized top-down and bottom-up fluxes 
(Ft/w, and Fb/w, in g kg -1) calculated from (6) us- 
ing measured variances for wavelengths < 5.3zi. The 
long-dashed, short-dashed, and solid lines represent al- 
titudes z, - 0.11, 0.27, and 0ø53, respectively. Ideally, 
the curves should cross at one point, thus giving unique 
values for Ft/w, and Fb/w,, but here this is not the 
case. For comparison, the direct eddy correlation tech- 
nique gives Fb/w, -- 0.06 g kg -1. 

7.2. Applying the Variance Technique to the 
Short-Wavelength.End of the Spectrum 

When contributions at wavelengths longer than about 
5zi are excluded, the humidity fluxes and variances 
show consistent relationships from one circle to the 
next at a given altitude within the CBL, in agreement 
with the results of Mann and Lenschow [1994]. Figure 

2 and the correlation 7 shows the humidity variance tyq 
coefficient Fq/(awaq) at different altitudes and times, 
where aw is the vertical velocity standard deviation. 
(We have used a cutoff wavelength of 5.3zi instead of 5zi 
for computational convenience.) The correlation coeffi- 
cient here remains nearly constant, while the humidity 
variance and flux decrease somewhat with time. This 

suggests that it may be possible to apply the variance 
technique to the high-rate humidity fluctuations at the 
short wavelength end of the spectrum. 

Averaged over three constant altitude circles at z, - 
0.11, 0.27, and 0.53, the humidity variances for wave- 
lengths <5.3zi are 0.050, 0.061, and 0.107 (g/kg) 2 re- 
spectively. Figure 8 shows the relationship between nor- 
malized TD-BU humidity fluxes (Fqt/W, and Fqo/W,) 
calculated from (6) using the above humidity variances 
together with variance functions from Moeng and Wyn- 
gaard [1989]. For z, - 0oll and 0.27, the curves inter- 
sect at about Fqt/W, - 0.08 g kg -1 and Fqo/W, - 0.05 
g kg -1 . The value for the surface flux Fqo/W, is close to 
what was obtained by eddy correlation, which was 0.06 
g kg -1. In contrast, the z, - 0.53 curve intercepts the 
z, - 0.11 curve at an unrealistically low value for sur- 



LENSCHOW ET AL.: DMS FLUX VIA A MIXED-LAYER MODEL 16,285 

face flux, and there is no intercept with the z. - 0.27 
curve. 

To match the eddy correlation surface flux, the z. - 
0.53 curve would have to be lowered by about 20%. 
This could be accomplished by decreasing the variance 
by about 40%; however, such a decrease would be dif- 
ficult to justify, considering that the variance during 
the three circles at z. - 0.53 changes by considerably 
less than that: 0.126, 0.100, and 0.096 (g/kg) 2. An al- 
ternative approach would be to increase the top-down 
variance function ft by about 40%. While Moeng and 
Wyngaard's [1989] ft plot shows some increase in ft with 
decrease in grid size, it is highly unlikely that further 
decrease in grid size could increase ft by as much as 
40%. A more likely possibility is that cumulus convec- 
tion (discussed in section 9) has increased the variances 
predominantly in the upper part of the CBL, so that 
the Moeng and Wyngaard variance functions no longer 
apply at the z. -0.53 level. 

Another possible contributing factor is the stability 
condition across the top of the CBL under which the 
LES variance functions were obtained. Recent LES re- 

sults by $orbjan [1996] show that the shape of the hu- 
midity variance profile is sensitive to the potential tem- 
perature structure above the CBL. The sounding used 
for the Moeng and Wyngaard [1989] simulations had a 
virtual potential temperature increase across the inver- 
sion of 8 K, while for the case here, there is no dis- 
cernible temperature jump across the CBL top, and a 
nearly wet adiabatic lapse rate above it. This is fairly 
typical of tropical marine CBLs. Thus, for flight 7, 
it would be desirable to use LES variance and gradient 
functions calculated for much less stable soundings than 
considered by Moeng and Wyngaard. 

7.3. Species Lifetimes and Variance Estimates 
of Fluxes 

The measured variances include not only contribu- 
tions from actual atmospheric fluctuations of trace gas 
concentrations, but also contributions from errors in 
measurement. We can estimate the variance contribu- 

tion from measurement errors by considering the mea- 
sured variance for inert gases emitted into the atmo- 
sphere far from the measurement area and over an ex- 
tended period of time. In that case, the variance is 
due solely to measurement errors. One of the trace 
gas species measured over I min intervals [Blake et al., 
1996] was an inert species, CFC-12, for which as/•SI -- 
0.0086. 

Using the same approach that we used for the esti- 
mate of (S1 - S2)/(S) from the gradient technique (12), 
we again assume a steady state concentration, where 
the increase in a trace gas concentration from surface 
flux is balanced by chemical destruction, and negligible 

entrainment flux. The scalar budget equation (8) then 
becomes Fso - Ds/zi, so that (6) reduces to 

foo. (20) 

At z. - 0.11, f0 ø'5 = 2.7, and if the variance from 
measurement errors for a nonconserved species is the 
same as for CFC-12, (20) gives a chemical lifetime of 
•-• - 3.7 days for the conditions of flight 7. That is, it 
would not be possible, in general, to estimate the sur- 
face emission flux using fluctuations generated directly 
by eddies that scale with zi for a trace species with a life- 
time longer than about 4 days for the conditions of this 
flight. This excludes, for example, CHBra• CHaONO•, 
and C•H5ONO• (Table 1), and makes evaluation of the 
surface flux of CH3I a borderline procedureø 

On the other hand, the normalized standard devia- 
tions (given in parentheses) for CHBrs (0.054), 
CH3ONO2 (0.045), C2H5ONO2 (0.047), and 
CH3I (0.047) are much larger than for CFC-12, and the 
lifetimes calculated from these variances are consider- 

ably shorter than current theoretical estimates of their 
chemical lifetimes, which are 10-25 days for CHBrs, 
CH3ONO2, and C2H5ONO2, and 4 days for CHzI (Ta- 
ble 1)• In other words, the variances measured for these 
species on the mesoscale are much larger than the zi- 
scaled variance predicted by mixed-layer similarity. The 
reason is that the mesoscale contributions to the vari- 

ance involve processes that occur at much longer tempo- 
ral and spatial scales than the variance due to emission 
from a horizontally homogeneous surface. Variability at 
these scales is generated by, for example, transport of 
CBL air into the BuL by sporadic event• such as cumu- 
lus convection or Kelvin-Helmholtz instabilities across 

the CBL top. This is followed by differential horizon- 
tal advection and intermittent localized turbulence dif- 

fusion in the BuL, which has a much longer time scale 
than mixed-layer turbulence. That is, the redistribution 
process in the BuL is much slower than in the CBL, so 
that both horizontal and vertical variations can persist 
for much longer times than in the CBL. 

Concentrations of these photochemically reactive 
trace species in the BuL decrease with time after they 
are injected into the BuL, and are not replenished as 
rapidly as in the CBL where the ocean-emitted gases are 
efficiently mixed throughout on a timescale of a few tens 
of minutes. Thus the concentration difference between 

the CBL and the BuL increases at a rate proportional 
to the reaction timescale. Finally, intermittent horizon- 
tally heterogeneous entrainment events (likely, for the 
most part, to be the same events that transport CBL 
air into the BuL) transport BuL air back into the CBL. 
As a result, variance is generated on the scale of these 
mesoscale events that is proportional to the difference 
in concentration between the CBL and the BuL. 
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8. Relationships Among Mesoscale 
Variance, Entrainment and Surface Flux 

Here we consider a simple model to show how vari- 
ance •n the CBL is generated by mesoscale processes, 
which for reactive species emitted at the surface, can 
be related to surface flux: We consider a simple CBL of 
mean concentration IS) capped by a BuL of thickness 
h and mean concentration $Bu. We assume both are in 
steady state, and define entrainment velocities we, en- 
training BuL air into the CBL and Weo entraining CBL 
air into the BuL. For this analysis we assume diurnal 
averaging, so that the relevant chemical reaction rate is 
denoted by Tso Integrating the scalar budget equation 
(8) across the CBL, assuming horizontal homogeneity 
and negligible mean motion gives 

Fso + We,(SBu - (S)) (S) = 0, (21) 
Zi Zi Ts 

and integrating across the BuL gives 

Web •Bu 
h ((S)-Sn•) =0. (22) 

Equation (22) can be solved for the jump across the 
CBL top AS = S• - (S), ' 

( I )(23) A$---($) l + rsWeb/h ' 
This relation between the jump and the species life- 
time provides a basis for the concentration differences 
assumed in obtaining (23). 

We assume that the variance measured by the grab 
samples, which is obtained from an average over a 6 
km collection distance, is generated solely by mesoscale 
variability; that is, that fluctuations in species concen- 
tration that are generated by surface emission are trans- 
ported throughout the CBL by eddies that scale with 
zi, and thus do not contribute significantly to variance 
at scales >> zi. In the case of entrainment, we consider 
two sources of fluctuations. One is fluctuations gen- 
erated by turbulent eddies in the CBL resulting from 
shear and buoyancy flux. These eddies again scale with 
zi and penetrate far enough into the capping inversion 
that they bring down air from the BuL into the CBL. 
This part of the entrainment flux still scales with zi 
[e.g., Moeng and Wyngaard 1989]. The other part is 
generation of fluctuations by mesoscale processes such 
as cloud-related entrainment and horizontal variations 

in stability within the BuL and between the BuL and 
the CBL. The variance generated by these processes 
is at distinctly longer horizontal scales than that gen- 
erated by turbulence that scales with the CBL depth. 
Furthermore, in contrast to the turbulent eddies gen- 
erated by buoyancy and shear, these events can also 
transport CBL air into the BuL. However, we argue that 
the variance generated by these longer-scale processes 
should still obey the same scaling behavior as the zi- 

scaled processes considered in (6), although likely with 
a different (larger-valued) variance function. The basis 
for this is that they generate concentration differences 
in the CBL in the same way as smaller-scale turbulence, 
but since the variance is at longer horizontal scales it 
will persist for longer time periods (and thus be mixed 
more thoroughly throughout the CBL before being dis- 
sipated) than at CBL scales. 

Thus, from (6), the mesoscale standard deviation gen- 
erated by flux due to entrainment on the mesoscale is 

•s 2st 1/2 (24) - •2 t , 
W. 

where •ot is the top-down variance function (analogous 
to ft for CBL-scale turbulence) applicable to these 
larger scales and 2st - -•A$ is the mesoscale en- 
trainment flux. •om (23) and (24) the normalized CBL 
standard deviation becomes 

5• _•e. ( I ) •1/2 (25) (S) -- W. 1 + W•Web/h •t ß 

If we consider two reactive species, R and S, we can 
calculate the ratio of their normalized stand•d devia- 

tions using (25), 

+ 
= 

+ 

Typical values of the variables are h • 1000 m and 
Web • 10 -2 m s -1 so that h/web • 105 s. Thus we can 
expect to see differences in the mesoscale variance gen- 
erated by differences in reaction times of up to several 
days. Therefore, if we measure the normalized stan- 
dard deviations of two species, know the lifetime of one 
species, and can estimate h/web, we can estimate the 
lifetime of the other species. Alternatively, we can use 
(25) to solve for the ratio of the reaction time scales, 

1/2•ea ( ••) -1--1 = w, (27) 
Ts 1/2•ea ( ••)--1 -- - 1 

99t w, 

1/2•ea (••) --1 - ((_•) 1/2Wea •s --1 
and qv t > where both et w, w, 

1. In this form, however, we need to know w,, tD•, and 
the variance function et. This is, in some sense, analo- 
gous to the arguments used by, for example, Colman et 
al. [1998] to estimate atmospheric residence times of the 
order of a year for nonconserved species using species 
variability measured throughout the troposphere on in- 
tercontinental scales. 

Similarly, from (21) and (24), if the species lifetime 
is known• the species surface flux can be estimated as 

--1/2 (28) F,o = z__i (S) + W, SsTt ß 
Ts 
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Therefore, from (28), the ratio of surface fluxes for two 
species is 

F,.o ((R)r•) 1 + w,z i •t r,.a,./(R) (29) = -----•-•-i7•-•- ß Fso (S)r,. 1 + w,z i •t rsasl(S) 

A typical value for the factor multiplying the prod- 
uct of the reaction time and the normalized standard 
deviation is w,z•-l• -1/•• 10 -a s -1. Furthermore, 
5s/(S) • 0ø05, so that for reaction times greater than 
about a day, 

F•0 • r•a• (30) __ o 

F•o rrSs 

Table 1 shows normalized standard deviations for 
several species measured via the 1-min sample collec- 
tion. Before computing the standard deviations, a lin- 
ear trend in time was removed. Variances were com- 

puted for each circle within the CBL, which consisted 
of 5 or 6 samples per circle. The standard deviations 
in Table 1 were obtained from variances averaged over 
all circles. The results indicate that there is little vari- 
ation in standard deviation from one species to another 
despite the estimated factor of six difference in species 
lifetimes indicated in Table 1. This could be due to ei- 
ther all the species lifetimes << h/we•, or that the actual 
species lifetimes are similar (i.eo, the actual lifetimes 
differ from the theoretical estimates). The measured 

standard deviation for CFC-12, which is essentially a 
conserved species, is about a factor of 5 smaller than 
for the reactive species, which indicates that the accu- 
racy of the measured differences is su•cient to resolve 
real fluctuations in the reactive species listed in Table 
1. 

9. Sources of Mesoscale Variability 

The large-scale variations in humidity can, in part, be 
attributed to drift in the Lyman-alpha humidity probe. 
However, similar large-scale variations can also be seen 
in the more steady, slow-rate (1 s) specific humidity 
data derived from dew point temperature. 

Figure 9 shows I s values of specific humidity, poten- 
tial temperature, and sea surface temperature during 
the first and last circle at z. = 0.53. We see varia- 
tions in humidity on scales 10zi to 100zi (1 tO 10 min). 
The humidity variations cannot be attributed to vari- 
ations in sea surface temperature because it changes 
much more gradually. The variations in potential tem- 
perature and humidity tend to be inversely correlated. 
Since the sea surface was warmer than the overlying air, 
this suggests horizontal variability in the entrainment 
flux. This has been observed previously in a marine 
CBL (Q. Wang, et alo, Characteristics of the marine 
boundary layers during two Lagrangian measurement 
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Figure 9. Variations in specific humidity (q), potential temperature (THETA), and surface 
temperature (Ts). These are I s data, collected 5.7 hours apart at z. - 0.53. One minute - 6 
km • 10zi. 
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periods,2• Turbulence structures, submitted to Jour- 
nal of Geophysical Research, 1998, hereinafter referred 
to as Wang et al., submitted manuscript, 1998). Fur- 
thermore• we note that over the 5.7 hour time between 
the two circles, both the potential temperature and 
the sea surface temperature have increased by about 
0.7 øC• but the specific humidity remains nearly the 
same, which suggests a near balance between the hu- 
midity gained due to evaporation from the sea surface 
and lost due to entrainment. 

9.1. Cumulus Convection 

A few small clouds above the CBL were noted by ob- 
servers on the aircraft, and they are evident as dips in 
the ultraviolet (UV) radiation recorded by the upward 
pointing radiometer while the aircraft was circling in the 
CBL (Figure 10). To see if these clouds were advected, 
inactive cloud patches or small cumulus clouds (Cu) ris- 
ing from the CBL, we look at humidity fluxes during the 
various constant altitude circles and semicircles within 

and above the CBL (Figure 11). To avoid mesoscale 
variations, the fluxes here represent wavelength •5.3zi. 
For circles at z, ( I the fluxes are measured over the 

entire circle; for z, ) I the airplane alternated between 
two levels, with 5 min at each level around the circle so 
that the total sampling period is less than half the 30 
min period available for circles z, ( 1. 

The humidity fluxes for circles nearest the surface 
(z, - 0.11) remain essentially constant during all three 
circles over a 6 hour period; at z, = 0.27 and 0.53 
they increase somewhat over time, but there are no 
well-defined changes with altitude indicative of signifi- 
cant flux convergence/divergence within the CBL. This 
is consistent with the nearly constant humidity in the 
CBL observed during the experiment (Figure 9). In 
contrast, above the boundary layer top, at z, = 1.1, 
1.33, and 1o6, the humidity fluxes are highly variable 
among runs at the same level, and the up and down- 
ward pointing UV radiometers indicate that the highest 
positive and negative fluxes are in regions with the most 
clouds. 

Figure 12 shows data from a flight segment passing 
through a cloud at z, = 1.1, where the upward point- 
ing radiometer (UVZ) records a drop in UV radiation 
from above, while the downward pointing radiometer 
(UVN) shows an increase in UV radiation from below. 
Increases in radiation from below but with no changes 
in radiation from above, indicate that there are smaller 
clouds below the flight level. The expanded portion 
of the cloud penetration in Figure 12 shows that the 
high humidity regions associated with the cloud are, for 
the most part• in negatively buoyant downdrafts, which 
suggests that we are observing the dissipating stages of 
a small Cu. 

The last plot in Figure 12 shows the potential temper- 
ature profile from a nearby aircraft sounding. Since this 
is a slantwise sounding, the small oscillations in poten- 

tial temperature are likely due to horizontal variations. 
While the CBL is well-mixed• it is not capped by an 
inversion. Instead, it is topped by a BuL [Russell et al., 
1998] or cloud layer [e.g., LeMone• 1980], which here 
has a nearly wet-adiabatic lapse rate. Since there is no 
discernible temperature jump at the CBL top, large ed- 
dies carrying warmer, moister portions of the CBL air 
may easily rise into the BuL thus forming Cu clouds. 

The UV radiometer data show that the small Cu 

are not randomly distributed, but appear in clusters 
with stretches of clear air in between (Figure 10). Over 
time, this type of nonuniform convection and the asso- 
ciated entrainment through the CBL top could produce 
mesoscale variations not only in the CBL humidity, but 
also in trace gases. Since the extent of these varia- 
tions depends on the concentration differences across 
the CBL top, the resulting power spectrum for fluctua- 
tions in trace gas concentrations need not have the same 
shape as the power spectrum for humidity fluctuations. 

9.2. Roll Organization 

Horizontal roll vortices along the wind direction are 
often observed in CBLs [e.g., Etling and Brown, 1993]. 
To see if roll organization exists in this CBL, we exam- 
ine cross-wind and along-wind portions of the constant 
altitude circles. 

Figure 13 shows the vertical velocity power spectra in 
nearly cross-wind and nearly along-wind portions of the 
circle, at z,= 0.53. The spectral peak is well defined in 
the cross-wind segments, whereas in the segments along 
the wind direction the peak spreads over a wide range 
of scales. The total variance is lower in the along-wind 
segments than in the cross-wind segments. 

The time series of vertical velocity traces shown on 
the bottom of Figure 13 correspond to the power spec- 
tra directly above them. In the cross-wind segments the 
spacing between updrafts is somewhat variable, usually 
around 2zi or 3zi, which is compatible with roll orga- 
nization (zi - 570 m• and each 10 s subdivision cor- 
responds to about 1 km)o The vertical velocities from 
the flight segment nearly along the wind direction sug- 
gest the presence of turbulent rolls intercepted at a wide 
angle. 

Similar power spectra from cross-wind and along- 
wind portions of the flight are seen in data from other 
circles, but not consistently in every cross- or along- 
wind portion of the circle, which indicates that the roll 
organization is intermittent. While over a circular path 
the effects of roll organization tend to average out, in- 
termittent roll organization could introduce some un- 
certainty in our scaling factor for relating the long and 
the short wavelength ends of the power spectrum. 

9.3. Mesoscale Variations in the Horizontal 

Wind: How Well Did We Track the Air Mass? 

Figure 14 shows TAMMS high-rate east and north 
wind components during two clockwise circles, 5 hours 
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Figure 10. Distribution of clouds above the boundary layer as inferred from dips in UV radiation 
measured by the upward pointing radiometer. These data are from two clockwise circles in the 
boundary layer at 0905-0935 and 1224-1254 local time. 
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Figure 11. Humidity flux from wavelengths <5.3zi measured within and above the boundary 
layer. The highest fluxes above the boundary layer are associated with large patches of clouds. 
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Figure 12. Evidence of cumulus convection: upward and downward UV radiation (UVZ and 
UVN) with 1 s resolution, and high-rate data of specific humidity (q), vertical velocity (WI), and 
temperature (T) during a 3 min (18 km) flight segment at z, = 1.1. A 10 s time adjustment 
between the slow- and high-rate data has been incorporated. An expanded portion of the flight 
segment from the neighborhood of the cloud is shown to the right. The plot on the lower right 
shows the potential temperature (THETA) profile; the sloping line shows the wet-adiabatic lapse 
rate, and the horizontal line marks the flight altitude for the time series plots. 

40 min apart, at z, = 0.27. Here and in other constant 
altitude circles (not shown), the wind at the northern 
end of the circle is persistently 2-3 m s -1 stronger than 
at the southern end, and there are variations on smaller 
scales as well. These variations can be expected to in- 
troduce variability in the air trajectories along the flight 
track, and thus the observed mesoscale variations may, 
in part, reflect different past histories of the air sampled. 

The positions of the circles were adjusted to follow the 

air mass trajectory using the Flight Management Sys- 
tem wind velocity, which has a relatively slow response 
time. The TAMMS high-rate velocities, processed af- 
ter the flight, are expected to be more accurate. The 
lower plot in Figure 14 shows the flight tracks (solid 
lines) during the two circles. The dashed line shows the 
approximate position of the first circle 5 hours 40 min 
later, assuming it is traveling with the wind observed 
during the first circle. The circle has been stretched, 
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Figure 14. Variations in the east and north wind components (UI and VI) during two clockwise 
circles, 5 hours 40 min apart, at z, - 0.27. Below is the flight track (solid lines). The dashed line 
shows the approximate position of the earlier circle 5 hours 40 min later assuming it is advected 
with the wind observed during the earlier circle. One degree • 100 km. 

and it is about 70 km NE of the actual 2224:00-2254:00 
UT flight track. 

The above illustrates the difficulties of following an 
air mass in the presence of variable and/or inaccurately 
measured horizontal wind. A +1 m s -1 error in the 
mean wind velocity will produce a +22 km error in po- 
sition 6 hours later. 

10. Optimal Flux Measurement 
Strategies 

In this section we outline the procedures necessary to 
optimize measurement strategies in order to estimate 

surface fluxes of trace species by both the mixed-layer 
gradient and the variance techniques. 

10.1. Using the Gradient Technique 
As pointed out earlier, the accuracy of flux measure- 

ment by the gradient technique improves considerably 
as the height of the lowest measurement decreases be- 
cause the concentration gradient increases. Moeng and 
Wyngaard [1984, 1989] found that the gradient changes 
approximately as z• -3/2 near the surface.) Thus, to 
optimize the accuracy of the flux measurement, the 
lowest flight level should be flown as low as possible. 
An added advantage is the concomitant decrease in 
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the integral scale of the turbulence as the height de- 
creases [Lenschow, 1995], which means that the averag- 
ing length required for a specified measurement accu- 
racy also decreases. On the other hand, LES does not 
necessarily accurately simulate flow in the lowest part 
of the CBL (the surface layer) because of the size of 
the grid used in the simulations, and deficiencies in the 
subgrid scale closure scheme. In fact, however, extrap- 
olation of the LES results into the surface layer agrees 
well with measurements of both gradients and variances 
in the surface layer. Finally, since the gradient becomes 
small in the middle of the CBL, there is no need to ob- 
tain measurements at more than one level there. Davis 

[1992] has examined in detail various strategies for mini- 
mizing flux measurement errors using the gradient tech- 
nique. 

Another consideration for applying the gradient tech- 
nique is the necessity for accurate measurements of 
height above the surface• especially close to the sur- 
face where the gradient becomes large. For example, a 
20 m error in height translates roughly to a 20% error 
in the surface flux estimate for z. _• 0.1 and zi •- 1000 
mo This points to the necessity of accurate geometric 
altitude measurements by, for example, a radio altime- 
ter, rather than by correcting pressure altitude mea- 
surements. 

Finally, for gases which are destroyed by photochem- 
ical reactions, it would be preferable to measure before 
sunrise or after sunset to avoid corrections for diurnal 

changes. Scattered clouds may also reduce the measure- 
ment accuracy both by introducing horizontal variabil- 
ity into the photochemical destruction rate and into the 
entrainment rate at the top of the CBL. 

10.2. Using the Variance Technique 

Here we distinguish between variance that scales with 
zi, and mesoscale varianceø For the zi-scaled variance 
technique it is also important to select a horizontally 
uniform CBL, with minimal cloudiness, although the 
effects of mesoscale variability can, to some extent be 
mitigated by high-pass filtering. Again, as with the 
gradient technique• flying lower increases the measure- 
ment accuracy• but the rate of improvement is less than 
for the gradient technique• This also means that the 
variance technique is less sensitive to errors in altitude 
measurement• 

To estimate zi-scaled variance from grab samples, it 
is desirable to minimize the sampling time, so as to 
include as large a portion of the data from the shorter- 
wavelength end of the variance spectrum as possible. 
If the sampling time were reduced to 10 s, which is 
probably the shortest feasible collection time for flask 
samples, then the sampled variance would include wave- 
lengths as small as I km, which is well within the 
regime where variance is generated in a horizontally 
homogeneous CBL by the surface fluxes rather than by 
mesoscale processes. The larger the number of samples, 
the better the accuracyø Presently, practical considera- 

tions probably limit the number of samples to about 
140 per flight. If the samples are independent, the 
measured variance samples follow a chi-squared distri- 
bution. Therefore, if 10 samples are collected, there 
is a 90% probability that the measured standard de- 
viation (which is proportional to the flux) will lie be- 
tween the limits 0.6a• • trs • 1.4a•, where tr• is the 
actual standard deviation• For 41 samples the limits 
are 0.8cr• • ors • 1.2cr•. 

Fast-response measurements of a reference reactive 
scalar emitted from the surface would be very useful, 
in addition to humidity, for estimating a scaling factor 
to be applied to the grab-sampled variance estimates. 
DMS has ideal properties for this: a 1-2 day lifetime, 
a reasonably uniform surface source, and negligible sol- 
ubility in cloud. A prototype chemiluminescence fast- 
response D MS sensor has been demonstrated in the lab- 
oratory by Hills et al. [1998]. 

For estimating mesoscale variance from grab samples, 
collection times of I min or more are appropriate. Al- 
though this technique, applied to a single species, would 
be difficult to implement in order to give quantitative 
estimates of lifetimes or surface fluxes, it may be pos- 
sible to estimate lifetimes or surface fluxes for a target 
species by taking ratios of standard deviations of the 
target species with a species whose lifetime or surface 
flux is known. The advantages of the mesoscale variance 
technique is that it can be used with measurements ob- 
tained over averaging times of a minute or more, and it 
can be applied to species emitted from the ocean with 
lifetimes of perhaps a week or more. 

11. Summary and Conclusions 

Flight 7 during PEM-Tropics provided a good oppor- 
tunity to observe diurnal changes within a Lagrangian 
framework. We have estimated the daytime destruction 
(production) rates under nearly clear skies for DMS, 
SO2, CHBr3, and CH3I (Table 2). On this flight the 
DMS destruction and the SO2 production rates balance 
each other. Using the mixed-layer gradient technique 
adjusted for diurnal variations• we estimate a DMS 
surface flux of 2.5 4- lo0 pptv m s -• (6.14-2.4 x 10 TM 
molecules m -2 s -•, or 8•84-3o4 •umols m -• d-•). The 
DMS flux is on the high side, but not incompatible with 
previous measurements. 

We show that the gradient technique requires high 
measurement accuracy even with fairly short-lived trace 
gases. To estimate fluxes of the more long-lived trace 
gases that did not show surface gradients outside the 
expected errors, we attempted to use the mixed-layer 
variance technique. This approach did not lead to use- 
ful results because of long sample collection distances (6 
km) and mesoscale variability. We show that the mixed- 
layer variance technique could be applied to relatively 
short-lived trace gases in cumulus-free CBLs that are 
horizontally more uniform, if shorter sampling times 
were used (of the order of 10 s or less). For tropical 
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marine CBLs it would be desirable to recompute the 
LES mixed-layer variance and gradient functions using 
soundings where the temperature jumps across the CBL 
top are weak to better simulate that regime. 

The presence of species emitted from the ocean that 
have a lifetime of a few days or less above the CBL indi- 
cates that transport of CBL air into the overlying BuL 
occurs. This transport arises, for example, from clusters 
of small cumulus clouds rising into the BuL, or episodic 
shear-induced turbulence. These processes induce hori- 
zontal variations in entrainment flux and concentration 
on the mesoscale in both the CBL and the BuL. The 

timescale for these processes is longer than for turbu- 
lent fluctuations directly generated by surface fluxes. 
We show how this process can be used to estimate sur- 
face fluxes and lifetimes for species with lifetimes that 
are too long to estimate fluxes by mixed-layer gradients 
or variance directly associated with surface fluxes. 
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