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Abstract. Air-water exchange fluxes of persistent, bioaccu-
mulative and toxic (PBT) substances are frequently estimated
using the Whitman two-film (W2F) method, but micromete-
orological flux measurements of these compounds over water
are rarely attempted. We measured air-water exchange fluxes
of hexachlorobenzene (HCB) and polychlorinated biphenyls
(PCBs) on 14 July 2006 in Lake Superior using the modi-
fied Bowen ratio (MBR) method. Measured fluxes were com-
pared to estimates using the W2F method, and to estimates
from an Internal Boundary Layer Transport and Exchange
(IBLTE) model that implements the NOAA COARE bulk
flux algorithm and gas transfer model. We reveal an inac-
curacy in the estimate of water vapor transfer velocity that is
commonly used with the W2F method for PBT flux estima-
tion, and demonstrate the effect of use of an improved esti-
mation method. Flux measurements were conducted at three
stations with increasing fetch in offshore flow (15, 30, and
60 km) in southeastern Lake Superior. This sampling strat-
egy enabled comparison of measured and predicted flux, as
well as modification in near-surface atmospheric concentra-
tion with fetch, using the IBLTE model. Fluxes estimated us-
ing the W2F model were compared to fluxes measured by
MBR. In five of seven cases in which the MBR flux was
significantly greater than zero, concentration increased with
fetch at 1-m height, which is qualitatively consistent with the
measured volatilization flux. As far as we are aware, these are
the first reported ship-based micrometeorological air-water
exchange flux measurements of PCBs.

1 Introduction

Contamination of ecosystems by atmospheric deposition of
persisent, bioaccumulative and toxic (PBT) substances is a
continuing concern for human and ecosystem health. Cur-
rently 43% of total lake acreage and 39% of total river miles
in the United States are under fish consumption advisories,
including 100% of the Great Lakes and connecting waters.
Seventy nine percent of US coastal waters are under advi-
sory, including nearly all of the East Coast and Gulf Coast.
Mercury, dioxins, polychlorinated biphenyls (PCBs), DDT,
and chlordane are responsible for most advisories (US EPA,
2008). For large bodies of water, gaseous exchange with the
atmosphere is a dominant process in the mass balance for rel-
atively volatile and water-insoluble chemicals such as PCBs
and mercury (Jeremiason et al., 1994; Rowe et al., 2008), and
an important contributing process for less volatile or more
water soluble compounds such as polybrominated diphenyl
ethers (Rowe et al., 2008) and some current use pesticides
(Harman-Fetcho et al., 2000). Quantification of the rate of
gaseous exchange with the atmosphere is needed to under-
stand and predict the behavior of toxics in surface waters.

Gaseous exchange fluxes of PBTs are usually estimated
from measurements of atmospheric and aqueous concentra-
tion using the Whitman two-film (W2F) model (e.g., Blan-
chard et al., 2008) but measurement of fluxes using microm-
eteorological methods are rarely attempted. In one recent ex-
ample, Sandy et al. (2012) measured PCB air-water exchange
fluxes using an aerodynamic gradient method from a pier in
a PCB-contaminated area of the Hudson River estuary. W2F
flux estimates are subject to uncertainty in concentration
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measurements, temperature-dependent Henry’s law constant,
and mass transfer velocity parameterizations. Micrometeoro-
logical methods, such as the modified Bowen ratio (MBR)
method (Perlinger et al., 2005; Wesely et al., 1987), can
be used to measure the flux more directly, and thus pro-
vide a means to evaluate gas transfer parameterizations. Re-
cent field studies of PBT air-water exchange in oceanic wa-
ters have revealed the difficulty in estimating Henry’s law
constant for these compounds (Gioia et al., 2010), and the
need for improved methods to make direct flux measure-
ments (Wong et al., 2011). Uncertainties in MBR flux mea-
surements are dominated by the chemical concentration mea-
surement precision, and also depend on atmospheric vari-
ables (Rowe et al., 2011b), but knowledge of Henry’s law
constant and surface mass transfer parameterizations is not
required.

We use a novel chemical concentration measurement
method, and evaluate whether flux measurement uncertainty
is sufficiently low to critically evaluate gas transfer param-
eterizations for these compounds using the MBR method.
MBR flux measurements are reported with error estimates
for HCB and several PCB congeners at three stations in east-
ern Lake Superior with increasing fetch in offshore flow. We
compare measured fluxes to estimates from the W2F model
and a more complex Internal Boundary Layer Transport Ex-
change (IBLTE) model (Rowe et al., 2011a) that implements
the NOAA COARE bulk flux algorithm and gas transfer
model. The COARE gas transfer model (Fairall et al., 2000)
differs from the W2F model in that it accounts for effects of
atmospheric stability on fluxes in the constant-flux surface
layer. In the coastal zone during offshore flow, conditions
of horizontal homogeneity may be compromised to the ex-
tent that on-shore gas mixing ratios (typically what is used in
W2F PBT flux estimates) are unrepresentative of over-water
mixing ratios. Also, the constant flux layer may occur in the
atmospheric surface layer below the height of measurement,
in particular under stable atmospheric conditions, which fre-
quently occur in the Laurentian Great Lakes when warm air
is advected over cold water (e.g., Rowe et al., 2011a). This
situation will cause measured flux to be unrepresentative of
the surface flux. Here, the COARE gas transfer model is ap-
plied within the IBLTE model to estimate the modification of
PBT gaseous concentration, surface fluxes, and near-surface
vertical gradients with fetch.

2 Model description and experimental methods

2.1 Internal boundary layer transport and exchange
(IBLTE) model

The IBLTE model (Rowe et al., 2011a) takes a Lagrangian
perspective, following an air mass as it flows from the coast
with increasing fetch over water. The height to which the at-
mosphere is modified by interaction with the water surface is

defined as the internal boundary layer height (hibl). A mass
balance is conducted by vertically integrating the modifica-
tion in mixing ratio from the surface tohibl , and this quan-
tity is assumed equal to the air-water exchange flux at the
surface integrated over the fetch. Gas transfer velocities at
the surface are given by the COARE gas transfer model. The
IBLTE model assumes a well-mixed layer is advected from
land, neglects directional wind shear, and subsidence. These
effects may be important in some cases.

The IBLTE model is intended to be used with inputs that
are available from surface measurements: wind speed, air
temperature, humidity, and mixing ratio incident upon the
coast, as well as water temperature and aqueous concentra-
tion. The model can be used to predict the variation in sev-
eral quantities with fetch within the surface layer, defined as
0.1×hibl : (1) modification in potential temperature and gas
mixing ratio from the over-land values, (2) surface fluxes of
sensible heat, latent heat, and any trace gas, and (3) vertical
gradients in potential temperature and mixing ratio.

2.2 Parameterization of air-water gas exchange flux

Air-water exchange flux is commonly estimated using a bulk
relationship:

F = kol

(
Cw −

Ca

Kaw

)
(1)

whereF is the flux,Cw andCa are the concentration of the
chemical of interest in water and air, respectively, andKaw is
the dimensionless Henry’s Law constant at the water surface
temperature. Equilibrium solubility (dimensionless Henry’s
Law constant) is expressed in the literature with various con-
ventions:

Ca

Cw
=

H

RTa
= Kaw =

1

α
(2)

whereH is Henry’s Law constant (units of, e.g., L bar mol−1)
at the water surface temperature,Ta is the reference tempera-
ture for the gaseous concentration, andR is the gas constant.
In oceanic and atmospheric sciences, it is common to use
the dimensionless solubility,α (for example, Fairall et al.,
2000), whileH andKaw are common in environmental or-
ganic chemistry. The overall mass transfer coefficient,kol, is
a function of air-side,ka, and water-side,kw, transfer veloci-
ties, and solubility.

1

kol
=

(
1

kw
+

1

Kawka

)
(3)

The air-side and water-side transfer velocities,ka,w, are a
function of the molecular diffusivity of the chemical of inter-
est in air or water,D, the height and stability-dependent tur-
bulent diffusivity,K(z), and the reference height (or depth) at

Atmos. Chem. Phys., 12, 4607–4617, 2012 www.atmos-chem-phys.net/12/4607/2012/



M. D. Rowe and J. A. Perlinger: Semivolatile organic PBT compound air-water gas exchange 4609

which the concentrations are measured (Fairall et al., 2000):

1C

F
=

zr∫
0

dz

D + K(z)
=

1

ka,w
(4)

where 1C is the concentration difference between the
vanishingly-thin atmospheric layer in direct contact with the
surface and the reference height. Turbulent diffusivity in-
creases approximately linearly with distance away from the
surface, thus most of the transfer resistance given by the in-
tegral term in Eq. (4) for the air-side occurs within the first
0.5 mm above the air-water interface in which molecular dif-
fusion controls transport (Fairall et al., 2000). In the W2F
parameterization, all transfer resistance is assumed to occur
within the air-side and water-side molecular sublayers, the
turbulent and molecular diffusion contributions are lumped
together in empirical parameterizations of water vapor and
carbon dioxide transfer velocity as a function of 10-m wind
speed, gradients above and below the surfaces are neglected,
and measurement height is not explicitly represented. Effects
of atmospheric stability are not accounted for in the W2F
model. In the COARE gas transfer model, height-dependent
transfer velocity is parameterized as a function of the air-
side and water-side Schmidt numbers and turbulence scaling
parameters. Effects of atmospheric stability and water-side
buoyancy are included, and disruption of the molecular sub-
layers by breaking bubbles at high wind speeds is accounted
for.

2.3 Whitman two-film (W2F) model transfer velocity

In this section, we describe a commonly-used parameteriza-
tion for PBT organic compound transfer velocity, and point
out that it contains an inaccurate expression for the water va-
por transfer velocity. The following simplified W2F trans-
fer velocity parameterizations are used by the Integrated At-
mospheric Deposition Network Project to estimate PBT gas
transfer in the US Laurentian Great Lakes (Galarneau et al.,
2000; Hornbuckle et al., 1994).

kw = vCO2

((
VPBT

VCO2

)0.6
)−n

(5)

ka = vw

(
DPBT

Dw

)0.61

(6)

wheren = 2/3 forU10, the stream-wise horizontal wind speed
at 10 m over the water surface in units of m s−1, less than 3.6,
andn = 0.5 for U10 ≥3.6 m s−1 (Bidleman and McConnell,
1995), andVPBT andVCO2 are the molar volumes for PBT
and carbon dioxide, respectively. In these equations,ka and
kw are related to the transfer velocity of a reference gas by
the ratio of Schmidt numbers. Reference gases are water-
side transfer resistance limited (CO2) or air-side transfer re-
sistance limited (water vapor). In Eq. (5), diffusivity is esti-
mated using the Wilke Chang method, resulting in the ratio

of molar volumes raised to the power 0.6. A molar volume
of 29.6 cm3 mol−1 for CO2 is used. In Eq. (6), the method of
Fuller et al. (1966) is used to calculate the gas-phase diffu-
sivities. These diffusivity estimation methods are described
elsewhere (Schwarzenbach et al., 2003).

Hornbuckle et al. (1994) used the following expressions to
estimate transfer velocity for the reference gases water vapor
and carbon dioxide:

vw(cms−1) = 0.2 U10+ 0.3 (7)

vCO2(cmh−1) = 0.45U1.65
10 (8)

Equation (7) was originally published in the 1993 edi-
tion of the Schwarzenbach et al. (2003) environmental or-
ganic chemistry text. Equation (8) is from Wanninkhof et
al. (1991). These expressions have become almost univer-
sally adopted to estimate air-water exchange of PBT organic
compounds (for example, Galarneau et al., 2000; Gioia et
al., 2008; Dachs et al., 2002; Rowe et al., 2007; Totten et al.,
2001; Yan et al., 2008; Zhang et al., 2008). An earlier expres-
sion is sometimes used (e.g., Meng et al., 2008; Wong et al.,
2011) that giveska as a function ofU10 and Schmidt number,
derived from measurements of volatilization of organic com-
pounds from a wind-wave tank (Mackay and Yeun, 1983).

A factor of two discrepancy exists between Eq. (7) and
ship-based micrometeorological measurements of water va-
por transfer velocity. Equation (7) was proposed as a function
that reasonably approximated a set ofvw measurements col-
lected from six literature sources, after adjusting them to a
common 10-m reference height. The data set included wind
tunnel, evaporation pan, and field measurements at reference
heights of 0.075, 0.1, 2, 6, and 10 m. Equation (7) givesvw
of 0.013 m s−1 atU10 = 5 m s−1, or a 10-m neutral water va-
por transfer coefficient,Ce10n≡vw/U10, of 2.6×10−3. In con-
trast, Fairall et al. (2003) present data over theU10 range
from 1 to 19 m s−1 and cite several supporting data sources,
indicating thatCe10n = 1.15×10−3 within 5.3%, which dif-
fers from the value implied by Eq. (7) by approximately a
factor of two. Thus, the transfer velocity parameterization de-
scribed by Eqs. (5) to (8) could be improved by adopting the
more widely accepted value forCe10n. More recent expres-
sions for the CO2 transfer velocity are also available (e.g., Ho
et al., 2006). For the PCBs and HCB considered here,kol es-
timated by W2F withCe10n = 1.15×10−3 in place of Eq. (7)
gives a 10–20 % reduction in estimatedkol; the difference
would be greater for air-side transfer resistance limited com-
pounds.

Even if appropriate expressions are used for Eqs. (7) and
(8), the W2F method neglects the influence of atmospheric
stability onka, buoyancy effects onkw, and does not explic-
itly account for film disruption by breaking bubbles at higher
wind speeds or surface films. The first three phenomena are
explicitly parameterized in the COARE gas transfer model
that is applied within the IBLTE model.
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Table 1. Conditions at the three sampling stations in eastern Lake Superior on 14 July 2006, and average temperature at the upper (8.5 m)
and lower (1 m) platforms.

Start time, Finish time, Lat. Lon. Fetch, Wind speed,Tw, Ta, Ta, Sensible heat flux,
EDT EDT km m s−1 ◦C ◦C lower ◦C upper W m−2

0620 0750 46.8571 85.3450 15.7 3.5 19.3 19.4 19.5 −1.5
0922 1052 46.9974 85.3245 28.3 3.4 16.9 16.7 18.3 −5.2
1318 1448 47.2783 85.3099 58.8 4.6 15.5 16.1 17.8 −9.0

2.4 Use of the COARE gas transfer model with PBT
organic compounds

We applied the COARE gas transfer model to obtain
stability-dependent PBT gas transfer velocities. COARE has
been applied to CO2 and dimethylsulfide (DMS), but has
not been previously applied to PBT organic compounds. For
example, the COARE gas transfer model was calibrated to
over-water EC CO2 flux measurements (Fairall et al., 2003;
Hare et al., 2004). The model calibrated to the GasEx 2001
CO2 data was found to adequately describe DMS fluxes mea-
sured by EC (Blomquist et al., 2006). In a more recent study
(Marandino et al., 2009), the COARE gas transfer model was
shown to givekol at the low end of values measured for DMS
by EC, which displayed considerable variability.

The COARE 3.0 bulk algorithm and COARE 3.0 DMS
gas transfer model (Blomquist et al., 2006) were obtained as
MATLAB scripts. The equation forka in COARE 3.0 DMS
was modified as in Eq. (9):

ka =
u∗

haSc
1/2
a + κ−1

[
ln
(

zra
z0

)
− 9H

(
zra
L

)]
− 5+

ln(Sca)
2κ

(9)

whereu∗ is the air-side friction velocity,ha is the coeffi-
cient of the air-side molecular sublayer estimated as 13.3 ne-
glecting sublayer buoyancy effects,Sca is the Schmidt num-
ber of the compound of interest in air,κ = 0.4 is the von
Kármán constant,zra is the reference height above the wa-
ter surface,zo is roughness length,L is Obukhov length,
and9H

(
zra
L

)
is the Monin-Obukhov similarity theory inte-

gral profile function for potential temperature, used to de-
scribe the stability and height-dependent turbulent diffusiv-
ity for sensible heat and gas mixing ratio (Fairall et al., 2000;
Blomquist et al., 2006). The second term in the denomi-
nator of Eq. (9) replacesCd−1/2 in Eq. (5a) of Blomquist
et al. (2006) because stability was neglected in the origi-
nal derivation (C. W. Fairall, personal communication, 16
May 2007). Four compound-specific properties are needed
to apply the COARE gas transfer model to PBTs: water-
temperature dependent Henry’s Law slopeA and intercept
B, as in:

log(H) =
A

Tw
+ B (10)

molecular mass, and Le Bas molar volume. Temperature
dependence expressions for Henry’s law constant for HCB

from Jantunen and Bidleman (2006), for PCBs from Bam-
ford et al. (2002) and for PBDEs from Cetin and Odabasi
(2005) were used. Solubility was then calculated from the
temperature-correctedH -value using Eq. (2). Compound dif-
fusivity in air was calculated using the Fuller (1966) equa-
tion, and in water using the Hayduk Laudie Equation, as in
the text by Schwarzenbach et al. (2003). Schmidt numbers in
air and water were calculated using temperature dependent
expressions for viscosity obtained from the COARE 3.0 al-
gorithm (air) and the text by White (1999) (water).

2.5 Experimental methods

2.5.1 Site description

Modified Bowen ratio flux measurements were conducted at
three stations with increasing fetch under offshore flow con-
ditions in eastern Lake Superior on 14 July 2006 on board
the US EPA R/VLake Guardian. Station locations, sampling
times, and meteorological variables are reported in Table 1.
The station locations are shown in Fig. 1 along with NOAA
HYSPLIT model air parcel backward trajectories and water
surface temperature from the NOAA GLSEA data product.

2.5.2 Modified Bowen ratio (MBR) flux measurements

Equipment and methods described in detail by Perlinger et
al. (2005) were used, except averaging time was ca. 1.5 h.
Measurements were made at upper and lower platforms lo-
cated at 8.5 m and 1 m above the water surface, respectively.
PBT concentration and air temperature (aspirated thermo-
couple) were measured at both platforms. At the upper plat-
form, sensible heat flux was measured by EC using the sonic
anemometer temperature along with six-axis ship motion,
and mean temperature and humidity were measured using a
separate aspirated probe. EC measurements were corrected
for ship motion using methods of Edson et al. (1998) and
computer code provided by NOAA/ESRL. Motion correc-
tions were small. Examination of flux cospectra revealed
no low-frequency disturbances. A transfer velocity,ka12,
over the layer of atmosphere between the two platforms is
obtained for sensible heat by combining the difference in
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Fig. 1. A map of Lake Superior showing the station locations (dia-
monds), NOAA HYSPLIT air parcel backward trajectories (lines),
and NOAA GLSEA lake surface temperatures for 14 July 2006.

potential temperature between the two platforms,1θ , with
the kinematic sensible heat flux,w′θ ′:

ka12 =
w′θ ′

1θ
(11)

This transfer velocity is assumed to apply to all conserved
scalar variables (a transport mechanism of turbulent diffusion
by small eddies is assumed), and the flux,F , is calculated
from the difference in concentration,1Ca, between the two
platforms:

F = ka121Ca =
w′θ ′

1θ
1Ca (12)

Mixing ratio is the conserved variable for gases. However,
because pressure variation with height is negligible over the
first 10 m of the atmosphere, concentration in pg m−3, refer-
enced to a standard temperature and pressure (25◦C, 1 atm),
may be used directly in this calculation to obtain a flux in
pg m−2 s−1.

Flux measurements should be conducted within the con-
stant flux surface layer if the measured flux is to be consid-
ered representative of the surface flux. A constant flux sur-
face layer exists under conditions of stationarity, horizontal
homogeneity, and a lack of sources or sinks between the mea-
surement height and the surface. In the case of offshore flow
in the coastal zone, a gradient in the stream-wise direction
may exist, in which case flux will vary with height above the
surface. However, if measurement height is sufficiently low,
the flux at the measurement platform approximates the sur-
face flux. For example, Fairall et al. (2006, Fig. 9) found that
bulk transfer coefficients calculated from fluxes measured at
18-m height matched those of the COARE Algorithm when

the IBL height was greater than∼180 m. Thus, an approach
to test whether measured fluxes are expected to represent
surface fluxes is to compare fluxes of sensible heat, latent
heat, or momentum to those given by the COARE algorithm,
which has been calibrated and verified against many hours of
open ocean flux measurements where horizontal homogene-
ity was assured.

2.5.3 Chemical analysis

Gaseous concentration of PBTs was measured using low-
flow (13 L min−1) denuder samplers consisting of 289 sec-
tions of capillary gas chromatograph (GC) columns packed
into a deactivated stainless steel tube. Details of design, con-
struction, and application of the low-flow denuders are given
elsewhere (Tobias et al., 2007; Rowe and Perlinger, 2009a).
Sample extraction, cleanup, GC analysis, and quality assur-
ance procedures are described in detail elsewhere (Rowe
and Perlinger, 2009a). Analytes included hexachloroben-
zene, 144 PCB congeners, and PBDEs 47 and 99. Only those
analytes that frequently exceeded the method detection limit
are discussed subsequently. A sample was collected at the
upper and lower platform at each of the three stations. In ad-
dition, a sample was collected on deck in the ship’s bow dur-
ing 70 min. in transit from 15- to 30-km stations plus 34 min.
in transit from 30- to 60-km stations, and an additional sam-
ple during 35 min. in transit from 30- to 60-km stations plus
53 min. in transit beyond the 60-km station. A field blank
was transported and stored with the samples, and opened in-
side the upper sampler housing during one sample collection
period with no air flow through the denuder. A trip blank was
transported and stored with the samples.

The denuders were capped with air-tight fittings and stored
19 months at 4◦C prior to extraction and analysis. A pair
of blank denuders stored four years in the same refrigerator
and analyzed along with the samples had 100±10 % recov-
ery of surrogate standards PCB 14, 65, and 166, and HCB
mass less than 20 % of these samples, providing evidence
that surrogate recoveries and blank levels were not affected
by storage. A calibrated and validated breakthrough model
(Rowe and Perlinger, 2009b) predicted<10 % breakthrough
for the least retained analytes reported here (HCB and PCB
8) for sampling time up to 3 hr at the maximum sampling
temperature observed (19.5◦C), providing evidence that an-
alytes were not lost to breakthrough in the 1.5 hr sample col-
lection times used here (0 % breakthrough predicted). Break-
through was also not predicted for any of the surrogate stan-
dards, although low recovery was observed for some surro-
gate standards in the samples. Surrogate standards PCB 14,
65, and 166, spiked into denuders prior to sampling, were re-
covered 28±4 %, 75±4 %, and 96±6 % (median± range),
respectively. Because the method is well characterized and
validated (Rowe and Perlinger, 2009a), breakthrough of ana-
lytes during sampling was not predicted, and evidence exists
that samples were not affected by storage, it is likely that low
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recovery of surrogate PCB 14 occurred because of the hot-
spike process for introduction of surrogate standards prior
to sample collection. Although PCB 14 has similar reten-
tion characteristics to HCB in diffusion denuders, the hot-
spike procedure heats the denuder inlet and deposits surro-
gates some distance into denuder capillaries, reducing their
effective breakthrough volumes. The lowest PCB 14 recov-
eries occurred in denuders with greater sample volume, sup-
porting the hypothesis that low PCB 14 recovery was caused
by breakthrough. Analyte mass in blanks was<20 % of an-
alyte mass in samples (<6% for HCB). Analyte mass was
greater than the method detection limit (Rowe and Perlinger,
2009a) for all reported concentrations, except in three cases
as indicated in Table 4. Reported concentrations were blank
subtracted, but not adjusted for surrogate recovery.

Propagation of error analysis applied to the MBR flux
measurement, Eq. (12), yields the following expression for
relative error on the flux:

δF

F
=

√√√√( 1

ρCpw′θ ′

)2

+ (0.2)2
+

(√
2 · δCa

1Ca

)2

+

(√
2 · 0.1

1θ

)2

(13)

where the error in the sensible heat flux measurement is
divided into a mean bias of 1 W m−2 and a relative error
of 20 % (Fairall et al., 2003),ρ is the density of moist air
(kg m−3), andCp is the specific heat capacity of moist air
(J kg−1 K−1). The estimated uncertainty of the aspirated ther-
mocouple temperature measurement is 0.1◦C. δCa was esti-
mated as the mean concentration multiplied by the overall
method precision estimated as the non-parametric coefficient
of variation (Sirois and Vet, 1999) of field duplicate measure-
ments of the same compound using the same method (Ta-
ble 2).

Error analysis applied to the bulk flux given by Eq. (1),
which is applied here to both W2F and COARE flux calcula-
tions, yields:

δF

F
=

√(
δkol

kol

)2

+

(
kolCaRTw

FH

δH

H

)2

+

(
kolRTw

FH
δCa

)2

+

(
kol

F
δCw

)2

(14)

A value of 0.3 forδkol
kol

was selected after the error analysis of
Hoff (1994), which also is a reasonable approximation of the
range of measuredkol for DMS in Blomquist et al. (2006,
Fig. 1). The estimated relative error inCa was taken from
Table 2, and relative error inCw was estimated as the rel-
ative standard deviation of the available aqueous concentra-
tion measurements (Table 3), with a minimum value of 0.2
applied if fewer than three measurements were available. A
value of 0.5 was selected for relative error in Henry’s law
constant after Blanchard et al. (2008).

2.5.4 Ancillary data

Inputs for the IBLTE model include upstream, over-land air
temperature, dewpoint temperature, PBT atmospheric con-
centration, and wind speed, as well as water surface temper-
ature and aqueous PBT concentration. For the 15-, 30-, and

Table 2.Overall method precision, expressed as the non-parametric
coefficient of variation (CoV) of field duplicates, using the same de-
nuder sampling method as in the 14 July 2006 measurements (Rowe
and Perlinger, 2009a).

Compound CoV Number of duplicate pairs

HCB 0.09 5
PCB 8 0.12 3
PCB 18 0.12 5
PCB 22 0.08 4
PCB 28 0.04 4
PCB 34 0.07a 1
PCB 110 0.10 4

a Only one duplicate pair was available, so relative difference is
reported.

Table 3.PBT concentration (pg L−1) in filtered Lake Superior wa-
ter measured by Simcik et al. (2010) in July 2006. Mean, relative
standard deviation (RSD), and number of measurements are re-
ported.

Mean RSD Count

HCB 4.1 0.34 6
PCB 8 3.4 0.26 7
PCB 18 1.2 0.26 5
PCB 28 3.8 0.36 2
PCB 22 1.1 0.48 6
PCB 110 2.0 0.32 6

60-km stations, over land meteorological variables were av-
eraged from meteorological stations at Sault Sainte Marie,
Munising, and Newbury, MI. The time for the initial over-
land conditions was adjusted for travel time over water us-
ing the fetch and wind speed given in Table 1. Over-land
air temperatures (and dewpoint temperatures) were 18.8◦C
(16.5◦C), 23.5◦C (17.6◦C), and 27.4◦C (18.2◦C); wind
speed was 2.1, 3.1, and 3.7 m s−1, respectively. Water sur-
face temperature as a function of fetch to each station was
obtained by extracting the satellite-derived NOAA GLSEA
lake surface temperature data product along the NOAA HYS-
PLIT model back trajectory.

Upstream, over-land atmospheric PBT concentration was
estimated from values measured at 15-km fetch. Volatiliza-
tion fluxes were indicated for all PBTs, so the minimum con-
centration measured at the 15 km station was used as an es-
timate of the over-land concentration for input to the IBLTE
model. Aqueous PBT concentrations reported by Simcik et
al. (2010, data provided by Eric Osantowski, US Environ-
mental Protection Agency, 29 December 2010) for Lake
Superior in July, 2006, are given in Table 3. Environment
Canada measured HCB concentration in Lake Superior sur-
face water in May and June of 2005, and found a mean con-
centration of 12.5 pg L−1 (n = 14, RSD = 0.09, data provided
by Jasmine Waltho, Environment Canada, 30 September
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Fig. 2. Overall mass transfer velocity, kol, for each PBT at the 15,
30, and 60 km stations.

2009), which is about three times greater than the value re-
ported by Simcik et al.

3 Results and discussion

To investigate whether or not fluxes measured at the upper
platform are representative of the surface flux, sensible heat
flux measured by EC was compared to sensible heat flux es-
timated by the COARE algorithm using meteorological data
in Table 1. EC and COARE sensible heat flux agreed within
the estimated measurement uncertainty at the three stations.
Fairall et al. (2006) found that EC fluxes of momentum,
sensible heat, and latent heat were biased low compared to
COARE fluxes when the measurement height was greater
than about 10 % of the internal boundary layer height in
coastal offshore flow under stable conditions. Agreement be-
tween EC and COARE sensible heat flux suggests that fluxes
measured at 8.5 m were reasonably representative of surface
fluxes.

The influence of gas transfer model selection onkol was
considered by calculatingkol for each compound using the
meteorological conditions at each station and the two gas
transfer models (Fig. 2). The COARE model gave higherkol
than the W2F model at the 15-km station where water and
air temperatures were equal. Stability increased with fetch at
the three stations such that the COARE model gave similar,
then lower,kol at the 30- and 60-km stations, respectively.
The difference inkol between the two models, relative to the
averagekol of the two models, was up to 53 % for the condi-
tions considered here.
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Fig. 3.Comparison of modified Bowen ratio and Whitman two-film
fluxes to atmospheric concentrations measured at the upper (8.5 m)
and lower (1 m) platforms at the 15-, 30-, and 60-km fetch stations.
MBR and W2F fluxes are plotted in the upper panel, both with esti-
mated uncertainty given by the error bar. The atmospheric concen-
trations are plotted in the lower panel, with error bars indicating the
uncertainty estimates in Table 2. Note that the HCB concentration
was divided by ten to put it on the same scale as the other concentra-
tions. In five of seven cases for which a significant non-zero MBR
flux was measured, concentration increased significantly with fetch
at 1-m height between the 15 and 60 km stations, with the exception
of PCB 28.

PBT concentrations measured at 1-m and 8.5-m height at
the 15-, 30-, and 60-km stations are presented in Table 4 and
Fig. 3. In five of seven cases in which the MBR flux was
significantly greater than zero, concentration increased with
fetch at 1-m height, which is consistent with the measured
volatilization flux.

Atmospheric concentration decreased over the course of
the day at the upper platform for all PCBs except PCB 8,
in apparent contradiction to indications of volatilization flux
from the lake. This may be caused by a reduction in con-
centration over the course of the day in the mixed-layer air
incident at the coast. Diel variation in atmospheric PCB con-
centration has been observed and attributed to reaction with
hydroxyl radical (OH) and/or dilution by growth of the at-
mospheric mixed layer over the day (Mandalakis et al., 2003;
MacLeod et al., 2007; Totten et al., 2002).

Reduction in concentration at 8.5-m height increased with
increasing reaction rate constant with OH (Fig. 4), suggesting
that reaction with OH may have caused a reduction in PCB
concentration incident at the coast over the course of the day.
PCB 8 was an exception to this trend, however, the 60- to
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Table 4. Atmospheric PBT concentration measured at the upper
(8.5-m) and lower (1-m) platforms at 15-, 30-, and 60-km stations
in Lake Superior, 14 July 2006 (pg m−3 at 25◦C, 1 atm).

Height, m 15 km 30 km 60 km

HCB 8.5 58.3 64.8 60.0
1 56.3 67.9 71.0

PCB 8a 8.5 < 5.5 < 5.5 8.2
1 7.3 10.3 11.6

PCB 18a 8.5 9.2 6.8 < 5.3
1 13.4 9.6 16.1

PCB 34 8.5 11.7 4.3 4.4
1 6.7 7.6 17.0

PCB 28 8.5 4.7 3.7 2.8
1 6.9 5.9 6.1

PCB 22 8.5 5.7 5.6 2.2
1 5.0 4.9 6.0

PCB 110 8.5 3.6 2.7 3.1
1 3.8 4.7 5.6

a“<” indicates the value measured was less than the method
detection limit (MDL); the value reported is the MDL value.

15-km concentration ratio for this compound may be high
due to the measurement of a 15-km concentration less than
the method detection limit (Table 4). Also shown in Fig. 4 is
the calculated reduction in concentration due to destruction
by OH, assuming a typical daytime, mid-latitude, continental
OH concentration of 1 to 7×106 molecules cm−3 (Thomp-
son, 1995). The difference between the estimates of concen-
tration indicated by the dashed lines and the measurements
in Fig. 4 indicate that it is unlikely that destruction by OH
over the 7-h sampling time period can fully account for the
observed reduction in concentration.

As an alternative but related mechanism, compounds with
greater hydroxyl radical reactivity may have lesser mean
mixing ratio in the upper boundary layer and lower free tro-
posphere than near the surface, resulting in dilution as the
mixed layer increased in height over the day. A correlation
between the reduction in mixing ratio with height in the at-
mosphere and OH reactivity is expected because sources of
organic compounds are near the surface while destruction by
OH occurs throughout the volume, and such a correlation has
been observed for a variety of organic compounds (Anderson
and Hites, 1996). Few measurements of PBT mixing ratio at
multiple heights above the surface have been reported, but
Anderson and Hites estimated average atmospheric vertical
gradient for tri-chloro PCBs by analogy to propane, which
has similar OH reactivity. According to their estimate, the
ratio of tri-chloro PCB mixing ratio at 2 km to that at the
surface is about 0.73. This suggests that a reduction in PBT
mixing ratio at the surface due to dilution, but correlated to
OH reactivity, may occur as the mixed layer grows during
the day. Neither of these phenomenon alone (OH reaction,
dilution) appears large enough to account for the reduction
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Fig. 4. Ratio of 60-km station to 15-km station (13:18–14:48 to
06:20–07:50 local time) PBT concentration at 8.5 m height versus
hydroxyl radical reaction rate constant for PBTs in air over Lake Su-
perior on 14 July 2006 (symbols). The calculated reduction in con-
centration by OH-radical reaction over a 7-h period is shown by the
dashed lines for a typical range in daytime, mid-latitude, continental
OH concentration of 1×106 (upper line) to 7×106 molecules cm−3

(lower line).

factor of 0.6 shown in Fig. 4 for tri-chloro PCBs, but perhaps
a combination of dilution and reaction may have caused the
reduction.

Measured and predicted fluxes are shown in Fig. 3.
COARE fluxes (not shown) fell within the estimated uncer-
tainty range of the W2F fluxes because they rely on the same
Cw andH . All W2F fluxes that were significantly different
from zero were positive (volatilization), which is consistent
with the increase in concentration with fetch at 1-m height
observed for five of seven compounds. Volatilization fluxes
may be expected for these compounds during the summer
when Lake Superior surface water is near its warmest point
in the annual cycle.

Uncertainty estimates shown in the error bars of Fig. 3 are
useful to distinguish the conditions under which MBR flux
measurements were significantly different from zero, and to
indicate whether or not differences between MBR and W2F
fluxes are significant relative to the uncertainty. Contribu-
tions of the individual terms in Eqs. (13) and (14) to the
overall relative error are given in Tables S1 and S2 of the
Supplement. At the 30- and 60-km stations, the MBR flux is
significantly greater than zero in 12 of 14 cases (Fig. 3). At
the 15-km station stability was near neutral, which resulted
in small temperature and concentration gradients, as well as
a small sensible heat flux, all of which contributed to a large
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The water surface temperature is plotted as a downward-pointing
blue triangle, and the initial over-land air temperature as an upward-
pointing red triangle.

relative error in the MBR measurement at 15 km. At 30 and
60 km, the air temperature had increased over the course of
the day and water temperature decreased with fetch (Fig. 1),
which enhanced atmospheric stability, temperature gradient,
sensible heat flux, and PBT gradient with fetch, conditions
favorable for measurement of the flux using the MBR tech-
nique. At 15 and 30 km, measurement of the small PBT or
temperature gradient was the greatest single contribution to
uncertainty. At 60 km, gradients had become large enough,
and sensible heat flux small enough, that the heat flux mea-
surement contributed most to overall uncertainty. The rela-
tive errors for W2F flux measurements may be considered
rough estimates because the uncertainty inkol andH are esti-
mated, and fewCw measurements were available from which
to estimate spatial, temporal, and measurement variability in
Cw. Uncertainty inCw was the greatest single contribution to
relative error in the W2F flux estimate in most cases, and may
be underestimated in Table S2 due to the small number of
availableCw measurements. The contribution of uncertainty
in H varied from small to large, depending on how closeCa
was to equilibrium withCw. The error analysis indicates that
uncertainty in flux measurements could be reduced in future
work through use of replicate concentration measurements at
each platform, and through use of a second scalar in addition
to potential temperature, such as water vapor, to quantify at-
mospheric transfer velocity in the MBR method.

The IBLTE model was applied to compare modeled to
measured flux, modification in concentration, and verti-
cal gradients in concentration near the surface. Modeled
and measured modification in air temperature and specific
humidity, and vertical gradient in air temperature, were
in reasonable agreement, although modification was over-
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Fig. 6. Measured (circles) and IBLTE modeled (line) HCB atmo-
spheric concentration at the 15-, 30-, and 60-km stations (panels
from left to right). The HCB concentration at equilibrium with the
water surface is plotted as a downward-pointing blue triangle, and
the initial over-land HCB concentration as an upward-pointing red
triangle. An increase in HCB atmospheric concentration with fetch
was observed at 1-m height, consistent with model prediction based
on the aqueous HCB concentration of Environment Canada, but not
with the lower aqueous concentration of Simcik et al. (2010). The
Environment Canada concentration was used in this figure.

estimated (Fig. 5); this result provides a means to evaluate
the treatment of vertical mixing in the atmosphere by the
IBLTE model. Use of the lower HCB aqueous concentration
reported by Simcik et al. (2010) caused the IBLTE model to
predict modification of atmospheric HCB with fetch in the
opposite direction of what was observed. In contrast, use of
the higher aqueous HCB concentration reported by Environ-
ment Canada caused the IBLTE model to predict modifica-
tion of atmospheric HCB concentration with fetch that was
in reasonable agreement with observation (Fig. 6). This is an
example of how the model can be applied to reveal inconsis-
tencies in these challenging measurements of trace concen-
trations and fluxes of PBTs.

4 Conclusions

Measurement and estimation of air-water exchange fluxes
of organic toxics that are present at pg m−3 concentrations
in the atmosphere and at pg L−1 aqueous concentrations is
challenging because several measurements, each of which
may have considerable uncertainty, must be combined. Here,
a transect measurement approach that incorporates modified
Bowen ratio flux measurements collected at stations with in-
creasing fetch in offshore flow was combined with an internal
boundary layer transport exchange model to provide an op-
portunity for critical evaluation of measured and estimated
fluxes by quantitative comparison of measured and modeled
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modification in PBT atmospheric concentration with fetch at
1-m height over the water. Significantly non-zero volatiliza-
tion fluxes were measured by the MBR method for HCB and
several PCB congeners. Volatilization fluxes were consistent
with observed increase in concentration with fetch at 1-m
height for most compounds.

Improvements in chemical concentration measurement
precision allowed us to report ship-based micrometeorolog-
ical measurements of PCB air-water exchange fluxes for the
first time here. Even so, further improvement in flux mea-
surement precision is needed to critically compare the ac-
curacy of the COARE gas transfer model to the Whitman
two-film model. Estimates of transfer velocity from the two
gas transfer models differed by up to 53% for the conditions
encountered. Error analysis indicates that uncertainty in flux
measurements could be reduced in future work through use
of replicate concentration measurements at each platform,
and by use of a second scalar, such as water vapor, to quantify
atmospheric transfer velocity in the MBR method.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
4607/2012/acp-12-4607-2012-supplement.pdf.
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