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[1] It is hypothesized that removal of HNO3 from the atmosphere close to the sea surface
is due to two processes: dry deposition to the sea surface and chemical reaction with
sea spray. The latter process invalidates the application of the constant flux layer
assumption to calculate dry deposition based on concentrations of HNO3 at, e.g., a
reference height of 10 m. A field experiment was carried out to investigate this hypothesis,
and the measured concentration profiles were found to differ dramatically from the log
linear profiles, which would have been produced by turbulent transport only. Surface
fluxes of HNO3 were calculated from the measured profiles taking chemical reactions into
account and were compared to surface fluxes calculated by the traditional resistance
method. It was found that the surface fluxes could be a factor of two less when chemical
reactions are taken into account, depending on the characteristics of the near-surface
aerosols. HNO3 loss rates due to heterogeneous chemistry are calculated by two
independent methods and are compared.

Citation: Sørensen, L. L., S. C. Pryor, G. de Leeuw, and M. Schulz (2005), Flux divergence of nitric acid in the marine atmospheric

surface layer, J. Geophys. Res., 110, D15306, doi:10.1029/2004JD005403.

1. Introduction

[2] During the past half century, there has been a growing
body of literature dealing with air sea exchange of various
trace gases [see, e.g., Liss and Duce, 1997]. Much of the
attention has been placed on efforts to measure the climate
relevant gases, e.g., carbon dioxide and dimethyl sulfide
fluxes. Building on the theoretical base developed by Monin
and Obukhov [1954], methods of estimating these fluxes
have typically relied on the assumptions of horizontal
homogeneity and steady state, and it has furthermore been
assumed that the constant flux layer assumption applies to
the lowest tens of meters over the sea, i.e., in the marine
atmospheric surface layer.
[3] For momentum and/or heat fluxes, the assumptions

supporting the Monin-Obukhov similarity theory are gen-
erally satisfied. However, the theory begins to break down
when one examines the nutrient compounds of interest to
marine ecosystems, such as the nitrogen gases. Unlike
momentum or heat, ammonia (NH3) and nitric acid
(HNO3) undergo reactions on fairly short timescales intro-
ducing a source/sink term, which must be taken into account
both in the analysis of experimental data and in models. If
the source/sink term is significant, a flux divergence will be
introduced where one cannot simply assume that the flux

measured at a given height above the surface is equivalent
to the surface flux.
[4] To estimate the deposition/emission of reactive or

nonconservative species, classical flux theory must there-
fore be modified in order to take a height-dependent sink/
source term into account. Lenschow [1982], Lenschow and
Delaney [1987], and Duyzer [1992] have each described the
flux divergence for the chemical triad nitrogen dioxide
(NO2), nitric oxide (NO) and ozone (O3) with the same
general approach and conclusions, and Kramm and Dlugi
[1994] have described the flux divergence for NH3, HNO3

and ammonium nitrate (NH4NO3). None of these previous
studies have focused on the marine environment, but they
have rather emphasized either terrestrial or idealized con-
ditions. The few studies designed to estimate reactive trace
gas fluxes between the atmosphere and the ocean [Quinn et
al., 1988; Sørensen et al., 1994a; Asman et al., 1995;
Geernaert et al., 1998], faced unresolvable problems as
regards the estimation of the source/sink term with suffi-
cient accuracy, given the uncertainties in either the chem-
istry or horizontal homogeneity. In the study by Geernaert
et al. [1998], data were presented which suggest that
reaction on sea spray may produce a flux divergence of
HNO3. The present paper extends that work with an
analysis of the chemistry involved in the source/sink term
based on the fundamental hypothesis that sea spray is an
important scavenger in the marine atmosphere for highly
soluble gases, specifically HNO3.
[5] Because of technological limitations in high-frequency

sampling for HNO3, direct flux measurements using, e.g., the
eddy correlation method, are not practical. Instead, indirect
methods, such as the gradient technique, are often used for
measurement of these gas fluxes. However, since the flux of
chemically reactive compounds can be influenced by chem-
ical reactions, the interpretation of the profile is often difficult.
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This paper will serve to demonstrate that the flux divergence
can be both measured and predicted, using HNO3 as an
example. Such a demonstration requires that HNO3, NH3,
and sea spray concentrations are measured over a variety of
environmental conditions, and that the profiles are interpreted
based on the inclusion of all terms in the budget equations
(described in section 2).
[6] In the next section, we review the flux profile theory,

which is followed in section 3 with a discussion of the
nature of the source/sink term in the flux profile equations.
Experimental details to test our hypothesis are summarized
in section 4. In section 5, we provide results, which are
followed by concluding remarks in sections 6 and 7.

2. Flux Theory

[7] The description of vertical fluxes of gases is based on
the continuity equation

dc

dt
¼ @c

@t
þ ui

@c

@xi
¼ D

@2

@x2i
cþ S; ð1Þ

where c is the concentration of the gas; ui is the wind
velocity; D is the molecular diffusion coefficient of the
quantity c in air; and S is an internal source (positive) or a
sink (negative) term. Reynolds averaging and conservation
of mass is applied. The averaging time must be sufficiently
long that the mean vertical velocity is zero (e.g., on the
order of half an hour or more), and the horizontal turbulent
flux is small compared to the advection, and recognizing
that molecular diffusion is insignificant with respect to
turbulent transport, the continuity equation reduces to the
following more practical form:

@c

@t
þ @w0c0

@z
þ u

@c

@x
¼ S: ð2Þ

In (2), the second term represents the flux divergence
(w0c0 = F) and the third term the advection term in the
downwind direction.
[8] To simplify the analysis, we assume that the concen-

tration and reaction rates do not change significantly during
the averaging interval. Also other removal and production
processes are considered constant. With such conditions the
physical and chemical attributes of the system are in steady
state, where @c/@t = 0.
[9] In steady state any measured or assumed flux diver-

gence term, @F/@z, can be attributed to some combination of
u@c/@x and S:

u
@c

@x
� S ¼ @F

@z
: ð3Þ

[10] Since we want to relate measured flux divergence to
internal sinks, we need to investigate the possible interfer-
ence of the advection term. This applies to both the species
of interest (HNO3 in this case) and reactants that influence
the concentration of HNO3 (e.g., sea salt).
[11] The production of HNO3 is due to photochemical

reactions (HNO3 is mainly formed from NO2, with a
conversion rate of less than 3% per hour) and may be

considered constant giving rise to only small horizontal
gradients, which are negligible on the scale of interest. One
may assume that above the atmospheric surface layer, where
no significant scavenging of HNO3 by freshly produced sea
spray is taking place, @c/@x is negligibly small. Assuming
that sea spray of a size that dominates uptake of HNO3 and
other constituents involved in the S term also are spatially
homogeneous on the scale of interest, an obvious conclu-
sion is that @c/@x may also be neglected as one approaches
the surface. The degree to which the constant flux layer
assumption where @F/@z � 0 and thus S = 0 and u@c/@x = 0
can be employed for fluxes of sea spray is dependent on the
size fraction in focus [Petelski, 2003], and the assumption is
violated close to the coast, where sea spray production in
the surf zone significantly affects the atmospheric compo-
sition [de Leeuw et al., 2000]. The fetch at which surf-
produced sea spray is well mixed throughout the MBL is
dependent on atmospheric stability and wind speed but
numerical models suggest vertical homogeneity is estab-
lished within 5–10 km of the coast even with initial
conditions of zero sea spray aerosol above 25 m and a very
steep vertical profile below that level in the modeling
conducted by Vignati et al. [2001]. Denmark has an aerosol
burden that is heavily marine influenced and hence in
modeling conducted with an equilibrium open-ocean sea
spray profile the influence of the surf zone was even more
rapidly dispersed. In these conditions the advection term
u@c/@x can be ignored for HNO3 with respect to S, and
@F/@z will be equal to S, and thus for the examination of
the flux divergence of HNO3 only the chemistry involved
in the source/sink function, S needs to be explored. The
influence on the flux of horizontal sea spray production
gradients, e.g., in a developing wave field in offshore
wind, would be a subject for future research.
[12] With the following practical example, using realistic

values for the various physical and chemical quantities will
be shown that the effect of advection due to horizontal
HNO3 gradients may be neglected. Assuming that a few
kilometers downstream from the coast the atmosphere is
well mixed, a budget for the atmospheric surface layer
(completed by entrainment fluxes) can be described by
equation (4):

u
@c

@x
¼ � vd þ weð Þc

h
þ wec1

h
þ S1� S2

dh
h
:

I II III IV V

ð4Þ

Term I is the advection term which we want to estimate. The
flux out of the air parcel due to deposition (deposition
velocity vd) and entrainment (entrainment rate we), is
described by term II. Term III describes the flux into the
air parcel by entrainment from above the boundary layer.
The terms IV and V are specific chemical source/sink terms,
the former describes production and the latter describes
scavenging of HNO3 by sea salt. Since the scavenging only
takes place in the lowest part of the boundary layer this term
is also height-dependent. Rearranging equation (4) yields

hu
@c

@x
¼ � vd þ weð Þcþ wec1 þ hS1 � S2dh: ð5Þ
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Letting equation (5) describe the HNO3 system, the
advection term has been evaluated using the following
quantities: [OH] = 5 � 106 molecules cm�3 [Seinfeld,
1986]; [NO2] = 1 ppb; the reaction rate for HNO3

production is found in the work of Seinfeld [1986] to be
kHNO3 = 1.1 � 10�11 cm3 molecule�1 s�1; hence from the
parameters found in the work of Seinfeld [1986], S1 can be
estimated S1 = 5.5 � 10�5 ppb s�1; using further S2 = 1 �
10�3 ppb s�1 (found in this study), c1 = 2 ppb; c is 1 ppb;
vd = 3 � 10�2 ms�1 (estimated from pure turbulent
transport); we = 1 � 10�2 ms�1, the boundary layer depth h
is chosen to be 500 m and dh = 20 m. The value for u@c/@x
calculated by equation (5) is found to be two orders of
magnitude smaller than jSj (= S1 � S2), which leads to the
conclusion that the sink term is dominating and therefore
the advection can be neglected with respect to the flux
divergence. Data from two experiments where horizontal
gradients of HNO3 were measured support this analysis. One
experiment was carried out at the island Östergarnsholm
close to Gotland in the central Baltic [Pryor et al., 1999] and
one was carried out in the Kattegat strait between Denmark
and Sweden [Sørensen et al., 2003]. The data are shown
in Table 1. The data show that u@c/@x is 2–3 orders of
magnitudes smaller than the estimated S this also suggest
homogeneous horizontal distribution of the sea spray taking
up HNO3. According to the ‘‘constant flux layer assump-
tion’’ flux divergence less 10% is acceptable [Stull, 1988],
which for HNO3 fluxes of magnitude 1 � 10�3 mg m�2 s�1

means that the influence from advection (u@c/@x) of the
order 1 � 10�4 mg m�2 s�1 (�0.5 � 10�5 ppb s�1) or
smaller is acceptable. This implies that for some cases the
horizontal advection does violate the ‘‘constant flux layer
assumption,’’ however the sink term is still more dominat-
ing. Hence

@F

@z
¼ @w0c0

@z
¼ S: ð6Þ

[13] It suggests that one must include processes such as
chemical reactions between nitric acid and other gases and
heterogeneous reactions involving aerosols and sea spray.
The source/sink term and thus also the flux, depends on the
rate of the chemical reaction. Applying similarity theory
and using the traditional K closure for turbulent eddy
diffusion yields

u*k
@

@z
z
@c

@z
f�1

� �
� S ¼ 0; ð7Þ

where u* is the friction velocity, k is the von Karman constant
(�0.4) and f is the stability function. For simple first-order
chemistry, S can be written as k 
 c, where c (mg m�3)
is the concentration and k (s�1) is a coefficient
expressing the removal rate or production rate of c.
Assuming near neutral conditions to avoid stability correc-
tions, equation (7) can be solved analytically [Geernaert
et al., 1998]:

c zð Þ ¼ AI0 2
ffiffiffiffiffi
az

p� �
þ BK0 2

ffiffiffiffiffi
az

p� �
; ð8Þ

where a = k/u*k, and I0 is the modified Bessel function of
the first kind of order 0, K0 is the modified Bessel function
of the second kind of order 0 [Jeffrey, 1995]. A and B are
constants determined by the boundary conditions (here
they are set to c(zo) and c(z20) which are the concentration
at z0 and at 20 m) and then solving the two equations.
From this solution the vertical concentration gradients
influenced by chemical reactions can be calculated. It is
assumed that the scavenging is constant with height in the
lower part of the surface layer, i.e., in the lower tens of
meters. This assumption is discussed further in section 5,
however it seems valid for our study where measurements
of particle size spectra in two heights using two
independent instruments show only relatively small
gradients.

3. Discussion of the Reactions Influencing the
Flux of Nitric Acid

[14] To provide a physical-chemical basis for the appro-
priate evaluation of k and the magnitude of S, the set of
governing chemical reactions is now investigated. The
formation of HNO3 is mainly due to the reaction between
anthropogenic NO2 and the OH radical formed from pho-
tochemical reactions:

NO2 þ OH ! HNO3:ðR1Þ

Therefore the formation of HNO3 is favored during sunny
conditions. Pruppacher and Klett [1997] suggested that
N2O5 would form HNO3 aqueous droplets in the atmo-
sphere from a heterogeneous reaction with water droplets in
the atmosphere due to the high solubility of N2O5. This
reaction is mainly important at night since N2O5 is rapidly
photolyzed by sunlight to form NO2 [Logan, 1983],
however the reaction with N2O5 may be important in the
marine atmospheric boundary layer where water vapor
concentrations can be high:

NO2 þ NO3 ! N2O5ðR2Þ

N2O5 þ H2O g; aqð Þ ! 2HNO3:ðR3Þ

The removal process for HNO3 is considered to be mainly
dry deposition, although reactions with NH3 to form
NH4NO3 can also act as a removal process. According to
Pruppacher and Klett [1997] the reaction with NH3 is
suggested to be a gas-phase reaction but the same authors
also propose that HNO3 droplets can form from binary

Table 1. HNO3 udc/dx Measured in the Kattegat and in the

Central Baltic at Coastal Stationsa

udc/dx
Number of
Samples Dx, m U, m s�1

Mean
ppb s�1

Standard
Deviation

Kattegat 8 30,000 7 �2.03 � 10�6 4.00 � 10�6

Central
Baltic

5 200 2.5 2.82 � 10�4 4.97 � 10�4

aAt both studies the advection term (udc/dx) is much smaller than the sink
term (S), which in the present study is estimated to be 7.5 � 10�3 ppb s�1.
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nucleation in a HNO3–water vapor reaction, and this
droplet will react with available NH3:

HNO3 g; aqð Þ þ NH3 gð Þ Ð NH4NO3 s; aqð Þ:ðR4Þ

The nucleation rate for the HNO3 reaction with water vapor
might even be enhanced by the presence of NH3, as is
suggested to be the case for the reaction between H2SO4 and
water vapor [Hoppel and Frick, 1991]. The reaction
between sodium chloride (NaCl) and HNO3 to form sodium
nitrate (NaNO3) and hydrochloric acid (HCl) in the marine
atmosphere has relevance for oxidant cycling and the
chemical composition of marine aerosol [Robbins et al.,
1959; Martens et al., 1973; Harrison and Pio, 1983;
Hillamo et al., 1993; Pakkanen et al., 1996; Plate and
Schulz, 1997; Vignati et al., 2001]:

HNO3 gð Þ þ NaCl s; aqð Þ Ð NaNO3 s; aqð Þ þ HCl gð Þ:ðR5Þ

4. Experimental Design

[15] Two field experiments were designed and conducted
to quantify the processes governing the flux divergence of
HNO3. The experiments took place at a coastal station near
Vindeby, on the island Lolland in Denmark (see Figures 1

and 2). Most of the water near the station is rather shallow
(depth: 0.5–15 m) except for a 20–55 m deep navigational
channel to the west of the field site. The field experiments
were conducted from 27 October to 10 November 1994 and
27 April to 10 May 1995.
[16] HNO3 was sampled with denuders comprising a

3 mm inner diameter, 500 mm long (Duran) glass tube
coated with NaCl (0.5 volume %) [Perrino et al., 1990].
This method was chosen because of the good selectivity of
this coating to HNO3 [Perrino et al., 1990] and the
collection efficiency is close to 100%. The flow through
the denuder is approximately 1–1.5 L min�1 driven by a
pump which was connected to a manifold. From the
manifold there was a polypropylene tube to each denuder,
and in each tube a nozzle was placed to control the flow.
The denuders were installed in a mast situated about 1 km
offshore (the sea mast) (Figure 3) at elevations of 2.5, 5, 7,
10, 15 and 20 m above mean sea level. The sampling times
were relatively long (minimum 3 hours, depending on the
meteorological conditions).
[17] Two different types of devices were used for collec-

tion of NH3, diffusion scrubbers and denuders. Diffusion
denuders [Ferm, 1979] were used to collect NH3 at the sea
mast in the spring campaign. The denuder setup and
design were the same as for the NaCl coated denuder,
described above, except the tube was coated with oxalic
acid (1.5 volume %). The diffusion scrubber measures
NH3 semicontinuously with a detection limit of 0.01 ppb
[Sørensen et al., 1994b]. During the fall 1994 experiment the
diffusion scrubber systems were placed at three levels on the
sea mast. For the spring experiment the diffusion scrubbers
were mounted on a land mast (10 m from the water line).
[18] Filterpacks were used on the sea mast at heights of

2.5, 5, 7 and 10 m to measure the main water soluble
aerosol constituents (sodium (Na+), potassium (K+), calcium
(Ca2+), magnesium (Mg2+), chloride (Cl�), S(NH3, NH4

+),
S(HNO3, NO3

�), sulfate (SO4
2�) [Plate, 2000; Tamm and

Schulz, 2003]. The filter pack consists of a PTFE particle
filter with a pore size of 5 mm, and two back-up filters to
collect gaseous species. The back-up filters were washed
nylon filters with a pore size of 0.45 mm (for HNO3) and
washed H3PO4

� impregnated paper filter (for NH3). Owing
to evaporation of NH3 and possible HNO3 from NH4NO3 at
the particle filter it is not possible to separate the gases
HNO3 and NH3 from the aerosols in a filterpack. They do
provide, however, a reliable measure of the sum of NH3 +
NH4

+ and HNO3 + NO3
�.

[19] Particle size distributions were measured at the sea
mast using optical particle counters (Particle Measuring
Systems, Boulder, Colorado, USA). A CSASP-200 probe
was mounted at 7.5 m above the sea surface to sample
particles in the 0.2–20 mm diameter range; a CSASP-100-
HV probe was mounted on the grid at 3 m above the sea
surface to sample particles in the 0.5–47 mm diameter
range. For logistical reasons the particle counters were
placed in a fixed position with the inlet aligned into the
prevailing wind direction (west) during both experiments.
This implies that at certain wind directions at high wind
speeds the larger particles were likely undersampled.
[20] Equipment for measurement of mean wind speed

and direction and temperature were mounted at several
levels on both masts; in addition, sonic anemometers were

Figure 1. Measurement site in Lolland, Denmark.
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Figure 2. Maps showing the measurement site with the wind direction for the specific periods: (a) 94-3;
(b) 94-4; (c) 94-6; (d) 94-13; (e) 95-7; and (f) 95-14.
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mounted on the water mast at 15 and 40 m height to obtain
measurements of turbulence intensity and the friction
velocity.

5. Calculating the Surface Flux

[21] The measured profiles were used to derive the
magnitude of the surface flux by extrapolation using equa-
tion (8) and compared to the flux obtained from the constant
flux layer assumption. To avoid complications from stability
corrections only cases in which the stratification was near-
neutral (1/L < j0.03j) were selected for analysis. Further, to
ensure uniform chemistry in time, sampling periods were
chosen with relatively steady wind direction (within 30�) so
that the fetch and the air mass composition could be treated
as constants. Also periods were used with only small
changes in wind speed (±1–2 m s�1) during the sampling
time, so that the conditions could be assumed to be in a
steady state. These criteria left us with only 6 useful profiles
of HNO3 from the two experiments. In Table 2 we summa-
rize the profiles and concurrent environmental conditions.
Only two of the profiles were associated with relatively high
concentrations of NH3 (the profiles from the spring exper-
iment). As indicated in the introduction, only compounds
newly introduced into the system and reacting at a timescale

shorter than the timescale for turbulent transport will cause a
flux divergence. We hypothesize that the major reason for
flux divergence observed in the profiles from Vindeby is the
interaction between HNO3 and sea spray droplets and not
reaction with NH3 because NH3 can only be invoked as an
explanation if there is a local NH3 source present.
[22] From equation (8) the vertical profiles of the chem-

ical species can be calculated, but to carry out this calcu-
lation the coefficient k is needed, recalling k is the removal
rate that occurs in the sink term in equation (7), involving
reaction between HNO3 and sea spray. Existing data on sea
spray concentrations in the surface layer indicate that sea
spray gradients are small except very close to the surface
from the wave trough up to 1–2 times wave height [de
Leeuw, 1986, 1993]. No significant trend with meteorolog-
ical parameters or wave height is apparent from these data.
Therefore aerosol measurements were conducted at two
levels (7.5 and 3 m) in the fall Vindeby experiment. The
observed particle surface area at the two heights (Figure 4)
show that gradients between 3 and 7.5 m are generally
small, and may result in part from differences in the
accuracy and precision of the instruments deployed at the
two heights. The only long fetch in the data set for 1994 was
period 4, periods 3 had a short fetch (about 1–2 km) and in
period 6 the fetch was along shore (Table 2 and Figure 2c).
In view of these small gradients, and considering that the
waves in the area are too small to create strong concentra-
tion gradients observed by [de Leeuw, 1986] or to otherwise
significantly influence the concentration of sea spray aero-
sol at the levels where the HNO3 concentrations were
measured, the sea spray concentrations are assumed to be
well mixed across the layer where the measurements are
carried out. This assumption will allow for the reaction to be
treated as a first-order reaction where the sea spray surface
is constant in the vertical direction over the domain of
interest, i.e., between 3 and 20 m above the surface and thus
the analytical solution of equation (7) can be used.
[23] The concentrations of HNO3 at different heights

were determined using the boundary conditions c(z0) = 0,
c(20) = ‘‘the concentration measured at 20 m’’ to estimate A
and B from the two equations and then adjusting k in
equation (8), in order to fit the calculated concentrations
to the measured profile, by a least squares function. The
measured and calculated profiles are shown in Figure 5.
[24] The surface fluxes were calculated by the following

approach. Close to the surface where the turbulent eddies
are small, the turbulent timescale is expected to dominate
the chemical timescale. Hence the flux divergence close
to the surface will be insignificant. Therefore it is assumed
that there is no flux divergence at a level of 10 cm and the
concentration at this height was calculated by equation (8).
The calculated concentrations were then used to calculate
the HNO3 dry deposition by application of the resistance
method [Wesley and Hicks, 1977] for the layer between the
surface and 10 cm height.
[25] The Wesley-Hicks method is based on a deposition

velocity, vd (m s�1) which is parameterized in terms of two
resistances: ra (m

�1 s), the aerodynamic resistance govern-
ing the turbulent transport; and rb (m�1 s), the sublayer
resistance, governing diffusion through the laminar sub-
layer. A resistance, rs (surface resistance) can express the
transfer across the surface. Here we will consider rs = 0

Figure 3. Measurement masts in Vindeby, Lolland, Den-
mark. The land mast was situated at the coast 10 m inland.
The water mast was situated in the water about 1.5 km from
the coastline.
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since HNO3 is rapidly taken up by the surface. The flux can
be calculated from

F ¼ vd c� c0ð Þ; ð9Þ

where c0 is the concentration of the constituent at the
surface, for HNO3 c0 is 0, and

vd ¼
1

ra þ rb
; ð10Þ

where

ra ¼
1

ku*
ln

z

z0
ð11Þ

rb ¼
1

ku*
ln
z0

zs
: ð12Þ

In equations (11) and (12), z0 is estimated from [Asman et
al., 1994]

z0 ¼
0:13n
u*

þ
0:0144u2

*
g

; ð13Þ

where n is the viscosity of the air, g is gravity and zs is the
surface roughness length for the gas. The parameter zs refers
to the level where the concentration becomes zero or has
reached the equilibrium concentration with the water phase.

In Joffre [1988] and Asman et al. [1994], zs was computed
for smooth conditions (Re < 0.13) from

zs ¼ 30 n=u*
� �

exp �13:6kSc2=3
h i

ð14Þ

and for rough conditions (Re > 0.13) from

zs ¼ 20z0 exp �7:3kRe1=4Sc1=2
h i

: ð15Þ

Re is the Reynolds number and Sc is the Schmidt number:

F ¼ u*kz
@c

@z
: ð16Þ

[26] The fluxes of HNO3 were calculated for the
6 measurement periods by application of both methods,
i.e., calculations were made with and without accounting for
chemical reactions. Furthermore, the flux was calculated
from equation (16) by fitting a linear regression to c versus
log(z) and use the slope to compute the flux assuming
steady state, no chemical sink or source and horizontal
homogeneity.
[27] Comparison of the results in Table 3 using the case

where chemical reactions are taken into account as the
reference shows that the error in the flux estimates is large
if we estimate the fluxes by simple extrapolation of the
concentration profile to the surface. In some cases the fluxes
may be overestimated by as much as a factor of 10. For the
fluxes calculated taking chemical reactions into account and
calculations with the resistance method, only in one case the

Table 2. Identification of the Sample Periods, Start and End Time of the Sampling, Averages and Standard Deviations of Wind Speeds

(ws), Wind Direction (wd), Inverse Monin-Obukhov Length (1/L), Atmospheric Temperature (T), and Fetch (F)

Name Start, UT End, UT ws, m s�1 wd, deg 1/L, m�1 T, �C F, Km

Period 3-94 29 Oct. 1994, 1320 30 Oct. 1994, 0825 4.9 ± 0.7 184 ± 26 0.001 ± 0.021 8 �1
Period 4-94 30 Oct. 1994, 1310 30 Oct. 1994, 1605 3.9 ± 0.5 306.5 ± 10.7 0.003 ± 0.003 8.7 �20
Period 6-94 31 Oct. 1994, 0845 31 Oct. 1994, 1650 7.4 ± 1.1 230.6 ± 8 0.01 ± 0.006 13 �5
Period 13-94 4 Nov. 1994, 1617 5 Nov. 1994, 0907 4.7 ± 1.2 118.9 ± 5 0.012 ± 0.014 6 �2
Period 7-95 9 Jan. 1995, 0925 1 May 1995, 1425 6.4 ± 0.5 66.5 ± 4.6 0.008 ± 0.009 9.5 �40
Period 14-95 5 May 1995, 1435 5 May 1995, 1808 7.9 ± 0.5 244.6 ± 1.1 0.014 ± 0.004 17 �25

Figure 4. Comparison of particle size distributions shown as the surface area measured at 3 and 7.5 m
for periods (a) 3, (b) 4, and (c) 6.
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difference between the two calculated fluxes was more than
a factor of two (period 4) and in another one the difference
was close to a factor of two (period 6). For the measurement
periods presented here, the calculation of surface fluxes
using the resistance method traditionally used in atmospheric
chemistry-transport models may be sufficient since the
calculated fluxes here are very similar, however that may
not be true for other cases. Large chemical removal rates
can cause large differences in the surface flux estimations.

6. Discussion of the Heterogeneous Reactions

[28] In the present study the sink term (S = k 
 c) in
equation (8) describes the removal of HNO3, where c =
[HNO3] and k represents the removal rate, which we assume
depends on the following four processes or parameters:
(1) the surface area of the marine aerosol; (2) the transport
in the atmosphere of the gas to the aerosol surface by
molecular diffusion; (3) the adsorption or uptake at the

surface; and (4) the conversion rate of HNO3 to NO3
�, which

is a measure of available adsorption sites. Since it is
assumed that the uptake/removal depends on sea spray, k
derived using (8) and the measured profiles should correlate
with the sea spray concentration. The chemical composition
of the aerosols (Table 4) can be used as an indicator for the
origin of the aerosols and enable us to identify sea spray
aerosols and sea spray having reacted with nitric acid.
NaNO3 and NH4NO3 concentrations were calculated for
the periods where data were available (see explanations in
Table 4). Geernaert et al. [1998] suggested that the removal
rate, k, could correlate with the NaCl concentrations.
However, a scatterplot of k versus [Na+] (Figure 6) does
not show a clear correlation. Nevertheless [Na+] was higher
for the period (6–94), which had the largest flux divergence
or k. Next a possible relation between k and NaNO3 was
investigated, with the rationale that NaNO3 is produced
from the reaction between HNO3 and sea spray. The result
in Figure 7 indicates increased k with increasing NaNO3

Figure 5. Measured vertical profiles of HNO3 (diamonds) and the calculated profiles taking chemical
reactions into account (solid lines) for the six measurement periods in the experiments in 1994 and 1995.
The dotted lines show the profiles that would be expected if chemical reactions were not influencing the
profiles. See color version of this figure in the HTML.

Table 3. Surface Fluxes of HNO3 Calculated for the Six Measurement Periods by the Three Different Approachesa

Period

Flux Using Equation (16) Fitting a Linear
Regression to c Versus log (z),

F (kg m�2 s�1) � 1012

Flux Calculated by the Use of the
Resistance Method [Asman et al., 1994],

F (kg m�2 s�1) � 1012

Flux Using Equation (8) From 20 m to 0.1 m
and Equation (9) From 0.1 m to the Surface,

F (kg m�2 s�1) � 1012

3-94 3.49 0.99 0.77 ± 0.1
4-94 5.14 0.89 0.46 ± 0.19
6-94 1.94 0.39 0.24 ± 0.19
13-94 0.57 1.38 1.05–2.39
7-95 1.19 0.29 0.21 ± 0.03
14-95 1.69 0.27 0.16 ± 0.06

aThe flux calculation in the last column is based on a calculated concentration at 0.1 m. The calculated concentration is derived from a measured profile,
and the standard deviation on the measurements gives a standard deviation on the flux, which can be seen in the last column.
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concentration. However, since the data set is very small, this
relation needs to be confirmed by more data obtained in
different conditions. The lack of a strong correspondence
between aerosol composition and k may be due to difficulty
in relating local HNO3 flux divergence as manifest in k with
aerosol composition which is an integrated product of
remote and local effects.
[29] Recent studies have shown that sea salt aerosol is

produced over a very wide range of sizes from less than
100 nanometers to hundreds of micrometers [e.g., O’Dowd
et al., 1997; Mårtensson et al., 2003], but measurements
from impactors suggest that Cl� depletion due to uptake of
acidic gases is most pronounced for particle diameters of
approximately 0.5–5 mm [Martens et al., 1973; Pryor et al.,
1999, 2001], in the size range in which marine aerosols
dominate the particle mass and surface area [e.g., Harrison
and Pio, 1983]. For the present study, to estimate the sea
spray surface that is available for accommodation of HNO3,
i.e., the surface of sea spray aerosol, the measured size
distributions were integrated over the range from 0.75 mm to
5.25 mm diameter. It is assumed that this surface area is a
reasonable surrogate for the total sea spray surface available
for uptake, although it must be acknowledged that not all
particles in this size range will be of marine origin, and the
error in this assumption will depend on fetch and sources
upwind other than sea spray, and further that some fraction
of the sea spray surface will lie outside this range. Figure 8

shows a scatterplot of k versus (circles are the k estimated
from measurements) surface area. In spite of the large
scatter in k and the uncertainty in the surface area, the data
indicate that the magnitude of k may increase with increas-
ing surface. The statistical significance of such a speculation
must be evaluated with more data to be collected in future
studies.
[30] It is obvious from Figure 8 that the particles mea-

sured in period 3-94 and period 13-94 offer a larger surface
area than the particles in period 4-94 and 7-95. However,
since both periods 3-94 and 13-94 are sampled during short-
fetch conditions (see Table 2), the large surface could be due
to other types of particles which are either in equilibrium or
do not react with HNO3. In case 13-94 we expected to find
NaNO3 due to the presence of Na+ (which concentration
was similar to that in most of the other cases). However,
consistent with a negligible removal rate and a wind speed
decreasing during the sampling period, no NaNO3 was
measured, and indeed a surplus of chloride was found in
the aerosol. Biomass burning was observed on the island
and the concurrent highest observed potassium concentra-
tion, which is a good tracer for biomass burning, can
explain the high chloride concentration, which could in part
explain also the high Na concentration and the large amount
of small particles. The easterly wind, which prevailed
during that period, also causes the shortest possible marine
fetch of only 2 km with very little sea salt production
between the coastline and the measurement site. Thus also

Figure 6. Estimated k versus Na+. See color version of
this figure in the HTML.

Figure 7. Estimated k versus NaNO3. See color version of
this figure in the HTML.

Table 4. Relative Humidity (RH), Rate Constant (k), and Chemical Concentrations During the Measurement Periodsa

Period
Na+,

nmol m�3
NaNO3,
nmol m�3

NH4NO3,
nmol m�3

K+,
nmol m�3

nss-SO4
2�,

nmol m�3
NH3,

nmol m�3 RH, % k, s�1

3-94 17.1 4.1 63.2 1.3 34.3 <10 �100 0.0028 ± 0.0087
4(+5)-94 5.0 50.3 0.8 44.4 <10 �100 0.0035 ± 0.029
6-94 57.9 8.9 3.1 0 7 <10 �100 0.0085 ± 0.014
13-94 14.3 83.4 3.4 77.2 <10 �90 0.00 ± 0.0057
7-95 9.0 3.5 28.2 0 35.0 �350 0.0017 ± 0.0052
14-95 7.6 5.2 347.7 4.7 302.4 �710 0.0057 ± 0.018

aThe particle concentrations presented are averages of measurements at three/four different levels. The NaNO3 concentration was calculated via the molar
Cl�/Na+ ratio on the particle filter assuming that all Na+ and Cl� is sea salt derived, with a molar ratio of 1.166, and that any chloride loss is due to the
reaction of HNO3 with sea salt as suggested in data from the Baltic [Pryor et al., 1999]. The NH4NO3 concentrations result from particulate NO3

�, from
which NaNO3 is subtracted. Non-sea salt-sulphate (nss-SO4

2�) was calculated using a mass ratio of Na+/SO4
2� = 3.99 in seawater. The estimated k is derived

by making a best fit of the calculated profile to measured concentrations obtaining the least variance between measurement and calculated profile. The
standard deviation reported in the last column is derived from the obtained variance.
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the influence of removal by heterogeneous reaction on the
HNO3 profile was expected to be smallest. Period 3-94 was
also measured during short-fetch conditions but here we
found slightly higher Na+ concentrations than in case 13-94
for the same wind speeds. Also the removal rate for case
3-94 was higher than in case 13-94. The higher removal rate
can be due to the higher relative humidity during period
3-94 (see Table 3). Karlsson and Ljungström [1994] mea-
sured the rate of replacement of Cl� by NO3

� on sea spray
particles as a function of time and relative humidity, and
showed that HNO3 uptake is faster on wet particles and that
the replacement rates are higher at higher temperature
[Hoffman et al., 2003].
[31] The highest removal rates are observed for the cases

14-95 and 6-94 (see Table 3), with case 6-94 having the
highest sea salt concentration. We hypothesize that the
chemical interaction profile can develop over the water to
the southwest of the measuring site during high winds, due
to the buildup of sea spray concentrations caused by
breaking waves and surfs around the pier and the harbor
in Onsevig (see Figure 3).
[32] With a much longer fetch but similar wind condi-

tions, case 14-95 also shows considerable aerosol contribu-
tions from land based sources as is reflected by the high
NH4NO3 and nss-SO4 concentrations. Pakkanen et al.
[1996] found that when 90% of the original Cl� is released
from the marine particles, the rate of replacement decreases,
which indicates saturation. Despite reduced Na concentra-
tions, NaNO3 comprises 68% of the sea salt mass. Therefore
the uptake of HNO3 may be reduced in this case, resulting
in a lower removal rate as deduced from the HNO3 profile.
This would imply that the sink term is not a first-order linear
reaction since @k/@z is not zero, however according to
Figure 4 the vertical gradients of the aerosol surface are
small.
[33] In order to investigate further the k values derived

from the shape of the HNO3 profiles and assess whether
they can be caused by sea spray reactions we computed the
expected uptake rate for HNO3 on sea spray droplets using
the model proposed by Pakkanen et al. [1996]. Using their
relationship, under the assumption of spherical particles and
surface-limited chemical reactions, the rate at which nitrate

accumulates into a sea spray particle (I, in mol s�1) is given
by

I ¼ 2pDdp HNO3½ �
1þ b

; ð17Þ

where

D diffusivity of HNO3 (m
2 s�1);

dp particle diameter (m).

[HNO3] is concentration of HNO3 (in this application we
use the measured concentration from the uppermost mea-
surement height) in mol m�3:

b ¼ 2D

ksdp
ð18Þ

ks ¼
gc

4
; ð19Þ

where

g reaction uptake coefficient;
c mean molecular speed of HNO3 (m s�1).

In this analysis we calculate the mean molecular speed
according to sample temperature and diffusivity of HNO3

according to the sample mean temperature based on the
Fuller method [Reid et al., 1987]. The particle size distri-
bution is set according to the mean size distribution for each
sample determined from the PMS data, and is confined to
the size range 0.75–5.25 mm. Further following Evans et al.
[2004] we assume the reaction uptake coefficient is 0.5 (as
determined in the laboratory studies of Guimbaud et al.
[2002]).
[34] The results (when normalized by concentration) are

plotted in Figure 8 and demonstrate very good agreement
with the values derived entirely independently from the
HNO3 profile. The discrepancies between the two estimates
of k for any given sample may reflect variations in the
particle size distribution during the sampling period, ana-
lytical uncertainties in the measurement of HNO3 or possi-
bly variations in the actual reaction uptake coefficient that in
reality will vary according to the actual composition of the
particles including the role of previous uptake of acidifying
gases or the possible role of surfactants.

7. Conclusion

[35] It is shown that removal of HNO3 from the atmo-
sphere close to the sea surface is due to two processes: dry
deposition to the sea surface and chemical reaction with sea
spray. The latter process invalidates the application of the
constant flux layer assumption to calculate dry deposition
based on concentrations of HNO3 at, e.g., a reference height
of 10 m. Measured HNO3 concentration profiles were found
to differ from the log linear profiles, and hence surface
fluxes of HNO3 calculated from the measured profiles over
estimate fluxes computed taking into account flux diver-
gence due to uptake of HNO3 on marine aerosol. HNO3 loss
rates to marine particles computed using the measured

Figure 8. Values of k estimated from profile measure-
ments (circles) and k values calculated from the model
described in equations (17)–(19) (squares) versus the
estimated sea spray surface. See color version of this figure
in the HTML.
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profiles and a Bessel function compare very well with rates
estimated from the observed particle size distribution and
the model of Pakkanen et al. [1996]. The good agreement
between the modeled and the measured k also supports the
model parameterization of HNO3 uptake on sea spray. It is
important to note however that the data set used herein is
small and more data, particularly fetch-dependent observa-
tions of sea spray profiles are needed to confirm our
conclusions.
[36] The particles absorbing the HNO3 will eventually

deposit to the sea as well, thus implying that the nitrogen
originating from the HNO3 will still provide a contribution
to the eutrophication of the marine waters. However, since
the deposition velocities for particles are different from
those for gases [Pryor and Sørensen, 2000] the amount of
the deposited nitrogen to the water can be substantially
different from model estimates on a local basis. This implies
that more effort is needed to improve model performance
when computing high-resolution variability of deposition.
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