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Abstract. Micrometeorological measurements of size-
segregated particle number fluxes above Dutch heathlands
and forests have repeatedly shown simultaneous apparent
emission of particles with a diameter (Dp)<0.18µm and de-
position of larger particles when measured with optical par-
ticle counters. In order to assess whether this observation
may be explained by the equilibrium reaction of ammonia
(NH3), nitric acid (HNO3) and ammonium (NH+4 ), a new nu-
merical model is developed to predict the vertical concentra-
tion and flux profiles of the different species as modified by
the interaction of equilibration and surface/atmosphere ex-
change processes. In addition to former studies, the new ap-
proach explicitly models the height-dependence of the NH+

4
and total aerosol size-distribution. Using this model, it is
demonstrated that both gas-to-particle conversion (gtpc) and
aerosol evaporation can significantly alter the apparent sur-
face exchange fluxes, and evoke the observed bi-directional
particle fluxes under certain conditions. Thus, in general,
the NH3-HNO3-NH4NO3 equilibrium needs to be consid-
ered when interpreting eddy-covariance particle fluxes. Ap-
plied to an extensive dataset of simultaneous flux measure-
ments of particles and gases at Elspeet, NL, the model repro-
duces the diurnal pattern of the bi-directional exchange well.
In agreement with the observation of fast NH+

4 deposition,
slow nitric acid deposition (both as measured by the aerody-
namic gradient method) and small concentration products of
NH3×HNO3 at this site, this study suggests that NH+

4 evapo-
ration at this site significantly alters surface exchange fluxes.

Correspondence to:E. Nemitz
(en@ceh.ac.uk)

1 Introduction

Current parameterizations of particle deposition velocity
(Vds(Rp)) as a function of particle radius (Rp) are highly un-
certain, with recent field measurements (cf. review by Gal-
lagher et al., 1997) tending to larger values than predicted by
theoretical models (Slinn, 1982) and observed during wind
tunnel studies (Chamberlain, 1966). In addition, particles
frequently show apparent upward fluxes (cf. review by Gal-
lagher et al., 1997). Whilst emissions of super-micron par-
ticles have been attributed to wind-driven resuspension (e.g.
Nemitz et al., 2002), for smaller particles they can only be
explained by alterations due to i) particle nucleation, ii) par-
ticle growth or iii) particle evaporation. It has been shown
that water vapour gradients can induce size-dependent mea-
surement artefacts as particles loose or take up water dur-
ing the deposition process (Fairall, 1984; Kowalski, 2001).
An alternative growth process is the condensation of the at-
mospheric gases ammonia (NH3) and nitric acid (HNO3) on
the surface of existing particles to form ammonium nitrate
(NH4NO3) aerosol, while volatilization of NH3 and HNO3
from existing NH4NO3 aerosol particles provides an impor-
tant mechanism for aerosol evaporation. Here, both process,
gas-to-particle conversion (gtpc) and aerosol evaporation, are
jointly referred to as “gas-particle interconversion” (gpic).

Several observations of unexpected surface exchange
fluxes of NO−

3 , NH+

4 and HNO3 have been attributed to this
equilibrium reaction and reproduced with numerical mod-
els that calculate the height-dependence of the surface ex-
change fluxes altered by the chemical production or destruc-
tion in the atmosphere: Huebert et al. (1988) observed lim-
ited deposition and even emission of HNO3 which Brost
et al. (1988) could successfully reproduce. An alternative
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Fig. 1. Particle deposition velocities (Vd) as a function of parti-
cle radius (Rp) for several example measurement periods derived
from eddy-correlation flux measurements above Dutch heathlands
at Leende Heide (data taken from Gallagher et al., 1993) and El-
speetsche Veld (Nemitz et al., 2004b).

model was presented by Kramm and Dlugi (1994), which
was tied in with an inferential modelling approach of surface
exchange. Nemitz et al. (1996) demonstrated that aerosol
formation could be the reason for NH+

4 emission gradients
observed above pasture in 1989 at Halvergate, Norfolk, UK
(Sutton et al., 1989, personal communication). Van Oss et
al. (1998) suggested that the opposite reaction, evaporation
of NH4NO3 aerosol, would explain observations of NO−

3
deposition faster than permitted by turbulence (Wyers and
Duyzer, 1997), while NH4NO3 evaporation has repeatedly
been stated as a possible explanation of apparent NH3 emis-
sion from semi-natural vegetation (Andersen et al., 1999;
Pryor et al., 2001; Rattray and Sievering, 2001).

During the reaction of NH3 with HNO3 and HCl or
evaporation of NH+4 aerosol, the mass of total ammonium
(TA) remains conserved, if other parallel reaction involving
NH3/NH+

4 can be ignored (Kramm and Dlugi, 1994). Thus
the (absolute) divergence of the NH+

4 flux is of the same
magnitude, but of the opposite sign, as the flux divergence
of NH3. As NH+

4 aerosol is usually exchanged with vegeta-
tion at a significantly lower rate than NH3, the relative dif-
ference between the NH+4 flux at the surface and the flux at
the measurement height (zmeas) is often larger than for NH3.
In particular, gpic is more likely to result in flux reversal of
bulk NH+

4 , as observed at Halvergate (Nemitz et al., 1996;
Nemitz, 1998), than in flux reversal of NH3 (e.g. suggested
by van Oss et al., 1998).

Whilst numerical modelling activities have been success-
ful in reproducing bulk concentration profiles, measurements

of size-segregated fluxes sometimes reveal apparent parti-
cle emissions that were restricted to a certain size range.
For example, from measurements over heathland (Leende
Heide, NL), Gallagher et al. (1993) found a correlation be-
tween the occurrence of apparent upward fluxes of small par-
ticles and periods of NH3 emission, while larger particles
(Rp>0.12µm) continuously showed deposition (Fig. 1). The
same observation, simultaneous emission of very small and
deposition of larger particles, was reported for measurements
above a Dutch forest (Gallagher et al., 1997).

The effects of gpic on surface exchange fluxes were ad-
dressed by a measurement campaign over heathland near El-
speet, NL (Nemitz et al., 2004a, 2004b). This experiment
formed part of the EC “EXAMINE” project (EXchange of
AMmonia IN Europe)(Sutton et al., 1996). The measure-
ments at Elspeet also showed prolonged periods of small
particle emissions (Rp<0.1µm)(Nemitz et al., 2004b) as
shown in Fig. 1. At the same time, deposition was observed
for larger particles, while atmospheric acids (HNO3, HCl)
showed a large surface uptake resistance and NH3 was peri-
odically emitted (Nemitz et al., 2004a). By contrast, simulta-
neous measurements of total aerosol NH+

4 gradients tended
to show deposition velocities that appeared to be too large
(Nemitz et al., 2004b).

We here show that the observations of simultaneous bi-
directional particle fluxes, as observed at Elspeet and Leende,
can be attributed to the chemistry of the NH3-HNO3-
NH4NO3 system. This is done by developing a new numer-
ical model for a modified gradient technique that explicitly
calculates the particle size-distribution of the NH+

4 aerosol
as a function of height, in addition to the concentration and
flux profiles of the bulk aerosol species. From the change of
the size-distribution with height (z) apparent deposition ve-
locities (Vds,mod(Rp, z)) can be inferred, which may be com-
pared withVds derived from eddy-covariance (EC) measure-
ments, e.g. using optical particle counters. With the knowl-
edge of the size-distribution it becomes also possible to cal-
culate the chemical time-scale (τc) of the equilibration pro-
cess (Wexler and Seinfeld, 1990, 1992) as a function of the
size-distribution at each height.

A description of the model is followed by predictions of
model results from theoretical considerations, with the model
then applied to simplified hypothetical situations. Finally,
the conditions during the Elspeet campaign are modelled to
investigate and quantify the extent to which the observed
emission of fine particles could be explained by either gas-
to-particle conversion from NH3 and HNO3 or by the evapo-
ration of NH+

4 containing aerosol.

Atmos. Chem. Phys., 4, 1025–1045, 2004 www.atmos-chem-phys.org/acp/4/1025/
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2 Theory: model description

2.1 Model description for NH3 and HNO3

The model description for the gases NH3 and HNO3 is virtu-
ally identical to the 1-D model treating bulk NH4NO3 which
was first presented by Brost et al. (1988) and that has, with
alterations, been used by other authors (Kramm and Dlugi,
1994; Nemitz et al., 1996; Van Oss et al., 1998): the flux
profiles (dFj /dz) are defined by the chemical source terms
(Qj ) expressed as first-order relaxation towards equilibrium:

dFi

dz
= Qi =

(
χeq,i−χi

)
τc

, (1)

with χj and χeq,j the actual concentration of chem-
ical species j and theoretical concentration at ther-
modynamic equilibrium, respectively. Naturally,
χNH4NO3,eq is zero if the concentration product of to-
tal ammonium (T A=χNH3+χNH4NO3) and total nitrate
(T N=χHNO3+χNH4NO3) is below the dissociation constant
(T A×T N<Ke) and otherwise it can be calculated from the
actual concentrations at a given height according to (e.g.
Brost et al., 1988):

χNH4NO3eq=0.5
(
TN + TA−

√
(TN + TA)2−4(TN×TA−Ke)

)
. (2)

HereKe of NH4NO3 is a function of temperature (T ), hu-
midity (h)(Mozurkewich, 1993) and particle composition.
(First-order) closure is provided by the classical flux-gradient
relationship for inert tracers (Kramm and Dlugi, 1994):

Fj = −KH

( z

L

) dχi

dz
; KH =

κu∗z

φH
(

z
L

) , (3)

where z is height above the zero-plane displacement (d),
KH is the eddy-diffusivity of inert scalars,L is the Monin-
Obukhov stability length,κ is the von Karman constant
(0.41),u∗ the friction velocity andφH is a stability correction
function (e.g. Thom, 1975). AlthoughKH is modified by the
reaction (e.g. Galmarini et al., 1997), the use ofKH for inert
tracers was estimated to be sufficiently accurate over the low-
est few metres of the surface-layer (Nemitz, 1998). Based on
the mass transport theory of Schwartz and Freiberg (1981),
the chemical time-scale (τc) is approximated by the time-
scale for equilibrium due to changes in the background gas-
phase concentrations (τ∞). This time-scale can be calcu-
lated from the size-distribution of the estimated hydrophilic
aerosol, which in the present model is predicted as a function
of height (Wexler and Seinfeld, 1990):

τ−1
c ≈ τ−1

∞ = 3D
∑

i

mi

(1 + βi) R2
p,iρp,i

; βi ≈
0.065µm

αRp,i

. (4)

Heremi is the mass,Rp,i the particle radius,ρp,i the density
andβi the accommodation factor of particles in size classi.
α is the sticking coefficient andD is the geometric mean of
the diffusivities of NH3 and HNO3.

2.2 Model layout for size-distributed NH4NO3

Equations (1) and (3) for the three chemical species (j=NH3,
HNO3, NH4NO3) form a system of 6 coupled first-order
differential equations that may be solved numerically. The
height-dependence of the NH+

4 aerosol size spectrum as
modified by the surface exchange fluxes and the equilibration
does not appear to have been modelled above the canopy be-
fore. Consequently, a new set of equations is developed here.
To make the problem tractable the following assumptions are
made:

a) Hydrophilic and hydrophobic aerosols are assumed to
be externally mixed (Wexler and Seinfeld, 1992). Con-
densation of the vapour phase takes place only to hy-
drophilic aerosol, and this is approximated by the sum
of the measured major ionic species (NO−

3 , Cl−, SO2−

4 ,
NH+

4 , Na+, Mg2+ and Ca2+). Any organic (hydropho-
bic) aerosol is considered to be chemically inactive and
deposit at the rateVds,inert.

b) Within each size class, all hydrophilic aerosol particles
are of identical composition.

c) Only the reaction of NH3 with HNO3 forming NH4NO3
aerosol is considered. The model is constructed so as to
allow the interaction with HCl to be included at a later
stage.

d) The density of all particles (ρp) is the same and does not
change during the evaporation/formation of NH4NO3.
Consistent with this assumption,ρp is set to the value
for NH4NO3 (ρp=1.7 g cm−3).

e) All particles are assumed to be spherical.

f) For the size-range under consideration, the effects of
coagulation (estimated from Seinfeld and Pandis, 1997)
and hygroscopic growth associated with relative humid-
ity (h) gradients are generally assumed to be negligible
compared with growth caused by condensation of NH3
and HNO3, although there may be situations whereh

gradients have a significant effect.

g) New particle formation is ignored. This simplification is
justified for the Netherlands, where the aerosol surface
area is large, and the time-scale of diffusive transport of
the gases to the aerosol therefore small compared with
the time-scale of nucleation.

h) τc is composed of two time-scales, describing the attain-
ment of equilibrium due to changes in the background
concentrations of the precursor gases (τ∞) and due to
changes in the partial pressures at the particle surface
(τd). τd may be small close to the deliquescence point,
but at present there is no approach to estimateτd for a
heterogeneous particle assembly (Wexler and Seinfeld,
1992).

www.atmos-chem-phys.org/acp/4/1025/ Atmos. Chem. Phys., 4, 1025–1045, 2004
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As with the model for the bulk species, the height-range
between the surface (z0) and a reference height (zref) is
divided into hmax logarithmically spaced layers, such that
z1=z0 and zhmax=zref (see Appendix A). Atzref the aerosol
is divided into imax size sections (bins) of logarithmically
spaced medium particle radii (Rih, i=1, imax), which change
with height due to condensation/evaporation effects. In the
following the indexi always refers to an aerosol size class
andh refers to a height layer.

The concentration of NH4NO3 in size bini at heighth is
cih [nmol m−3], while the total mass of hydrophilic aerosol
is mih [ng m−3]. In order to obtain information about the
height-dependent size distribution of the aerosol, it is not suf-
ficient to solve the differential equations for thecih, but the
values ofRih have to be calculated explicitly, together with
their first and second derivatives with respect toh. This is
achieved by expressing the concentration for each bin at any
height, throughRih and the particle number density (nih).
Since the condensation of the vapour phase is assumed to
take place on the surface of any hydrophilic aerosol, only
partly consisting of NH4NO3, the mass fraction of NH4NO3
(Sih) is introduced as:

Sih = cih Mr,AN/mih, (5)

whereMr,AN is the molecular mass of NH4NO3 in g mol−1.
Using this concentration ratio,cih may be expressed as a
function of particle number density (nih) in [m−3] and ra-
dius (Rih) in (µm):

cih = k nih Sih R3
ih, (6)

wherek is a constant of the value

k = 4/3π ρp M−1
r,AN . (7)

It can be shown that for anyh the concentration of NH4NO3
may be written as:

cih = k nih[R
3
ih − yi]; yi =

(
1 − Sref,i

)
R3

ref,i . (8)

The constantsyi are height invariant and the productk×yi

may be identified with the mass fraction of a particle in size
bin i that does represent NH4NO3. In this formulation ofcih,
Sih does not appear as an independent variable, but has been
reduced to the mixing ratio at the reference height (Sref,i).
Equation (8) also implies thatcih is fully determined by the
number density, as well as the radius of the bin, and the cal-
culation of the profiles ofcih can thus be reduced to the prob-
lem of solving the profiles ofRih andnih.

As with the model for the bulk species,Rih andnih need
to be solved together with their first and second height-
derivatives, which requires 4×imax boundary conditions to
be prescribed. To prepare the model for the application to
measurement data, boundary conditions are provided by:

(i) the logarithmically spaced radii atzref (Rihmax),

(ii) the mass distribution atzref, c(ihmax); thenihmax follow
from Eq. (8),

(iii) the parameterization of the particle deposition velocity
at the surface (Vds,inert(Ri1)), from which the deriva-
tives dni1/dz may be calculated (see below). This pa-
rameterization is either taken from field measurements,
which appear to be unaffected by gtpc processes (cf. Ne-
mitz et al., 2004b) or from theoretical studies, such as
Slinn (1982).

(iv) the description of the derivatives dRi /dz at one height.
Since the change in the size distribution with height is
too subtle to be resolved with typical sizing instruments,
the radius can only be prescribed at a single height
(zref). Consequently, the second set of boundary con-
ditions for the radii has to concern the height derivative
of Ri . Two different approaches will be discussed below
(Sect. 2.6).

2.3 Calculation of the gradients of the Rih and nih

To calculateRih and nih a moving sectional method (e.g.
Dhaniyala and Wexler, 1996) is used: particle growth and
evaporation are described by the change of the bin radius
with height rather than by redistributing particles across the
size bins. The advantage of this procedure is its simplifica-
tion for the calculation ofnih: as the number density within
each bin is unaffected by the chemical conversion, the flux of
nih (Fni

) remains constant with height.
An attempt to visualize this four-dimensional problem (R

andn as functions ofi andh) is presented in Fig. 2 for a
simplified case of 5 height layers and 7 size classes for the
case of aerosol growth. Due to the condensation of NH3 and
HNO3, the radius characterizing the size class (dash-dotted
line) increases towards the ground while the particles deposit.
At the same time, surface removal causes the particle num-
bers (dotted lines), which in this scenario are assumed to be
log-normally distributed at the upper reference height, to de-
crease towards the ground.

Comparing the mass distributions (dashed lines) at the dif-
ferent heights, it becomes apparent that the mass of small
particles decreases with increasing height (emission) at the
same time as the mass of the large particles increases (depo-
sition).

The removal rate is fully determined by the particle radii
at the ground surface. From the gradients ofnih andRih the
concentration distributions (cih; dashed lines) at any height
follow according to Eq. (8).

The model alternately solves the profiles ofnih andRih:
a generalized shooting algorithm using a 4th-order Runge-
Kutta integrator (e.g. Keller, 1968; Press et al., 1989) is used
to solve the second-order differential equations of theRih to-
gether with the bulk concentration profiles of the gases from
zref down toz0. After each iteration step (q), thenih are cal-
culated analytically from the current value of the radii at the

Atmos. Chem. Phys., 4, 1025–1045, 2004 www.atmos-chem-phys.org/acp/4/1025/



E. Nemitz and M. A. Sutton: The influence of the NH3-HNO3-NH4NO3 equilibrium on particle fluxes 1029

N
i2

, 
c i

2 
[a

rb
itr

ar
y 

un
its

]

0

2

4

6

8

10

N
i3

, 
c i

3 
[a

rb
itr

ar
y 

un
its

]

0

2

4

6

8

10

N
i4

, 
c i

4 
[a

rb
itr

ar
y 

un
its

]

0

2

4

6

8

10

N
i1

, 
c i

1 
[a

rb
itr

ar
y 

un
its

]

0

2

4

6

8

10

he
ig

ht
 a

bo
ve

 g
ro

un
d 

( z
-d

) 
[m

]

0.02

0.03

0.04

0.05

0.06
0.07
0.08
0.09

0.2

0.3

0.4

0.5

0.6
0.7
0.8
0.9

2

0.01

0.1

1

particle radius (Rp) [µm]
0.01 0.1 1 10

lo
ga

rit
hm

ic
 h

ei
gh

t c
o-

or
di

na
te

 (
h)

1

2

3

4

5

number density distribution [arbritrary units]
mass density distribution [arbritrary units
particle radius (Rp) [µm]

zref = 

z0 =

bin ιmax=7

hmax=

bin 1
bin 2

bin 3
bin 4

bin 5

bin 6

Fig. 2. Schematic of the model set-up for the NH4NO3 aerosol size bins (exaggerated). The number density, assumed to be log-normally
distributed atzref, decreases towards the ground due to deposition, while the particle radius increases due to condensational growth. In the
present case the net effect is an upward gradient of the mass density for small particles and a downward gradient for large particles.

surface (R(q)

i1 ) and the chosen parameterization of the depo-
sition velocityVds,inert(Ri1).

2.3.1 Differential equation for the Rih

From Eq. (8) the change of the NH4NO3 distribution with
height (c′

ih) can be calculated from the change in the particle
number density and the radius:

c′
=

∂c

∂R
R′

+
∂c

∂n
n′

= 3knR2R′
+ k

(
R3

− y
)

n′, (9)

where the indicesi and h have been dropped for reasons
of simplicity and the operator represents the total derivative
with respect toh. The flux of size classi at heightzh (Fcih

)

is related toc′

ih by:

Fcih
= −KH (zh)

dc

dz
= −KH (zh)

z

b
c′

ih, (10)

whereb is defined in Appendix A. From Eqs. (8) and (9) the
following expression for the second derivative of the radius

with respect to the logarithmic height variableh can be de-
rived (see Appendix A):

R′′
=

1

3

[
−6

R′n′

n
− 6

R′2

R
+

3R′

b

+

(
n′

bn
−

n′′

n
−

K ′

Hn′

KHn

)(
R −

y

R2

)
−

3R′K ′

H

KH
+

z2
(
ctot,i − ctot,i,eq

)
KHb2knR2τc,ih

]
(11)

wherectot is the sum of thecih (i=1, . . . , imax), andctot,eq
the concentration at thermodynamic equilibrium (similar to
χNH4NO3,eq of Eq. 1). Both values are discussed below.

2.3.2 Analytical calculation of the nih and numerical algo-
rithm

Since the particle number flux within each bin is con-
stant with height, the number flux (Fni

) can be calculated

www.atmos-chem-phys.org/acp/4/1025/ Atmos. Chem. Phys., 4, 1025–1045, 2004
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analytically from classical micrometeorological theory for
inert tracers, once the radius at the surface (Ri1) has been
found:

Fni
= −

nihmax

Ra (zref) + V −1
ds,inert (Ri1)

, (12)

where the aerodynamic resistance (Ra(z)) can be calculated
from (measured) standard micrometeorological parameters
(e.g. Garland, 1977). From these the profiles ofnih, n′

ih and
n′′

ih may be derived as:

nih = −Fni

(
Ra (zh) + V −1

ds,inert (Ri1)
)

(13)

n′

ih = −
zh

b

Fni

KH (zh)
(14)

n′′

ih =
n′

ih

b
− n′

ih

K ′

H (zh)

KH (zh)
(15)

The overall procedure of calculating the size-resolved gradi-
ents of NH+

4 may be summarized as follows:

1. As an initial guess, allRi1 are set equal toRihmax and
theR′(zhmax) are set to zero.

2. From the boundary values ofnihmax andVds,inert(Ri1),
thenih, n′

ih andn′′

ih are calculated according to Eqs. (12)
to (15).

3. Theimax differential equations forRih (Eq. 11) are in-
tegrated together with the two sets of differential equa-
tions, each composed of Eqs. (1) and (3), for NH3 and
HNO3 from zref down toz0 using a 4th-order Runge-
Kutta algorithm (Press et al., 1989).

4. The integration leads to new values ofRi1 and therefore
Vds,inert(Ri1) at the surface.

5. New guesses ofR′(zhmax) are calculated according the
Newton-Rhapson method (Keller, 1968).

6. Steps 2–5 are repeated until a stable solution has been
found.

7. FromRih, R′

ih, nih andn′

ih The concentration profiles
(cih andc′

ih) and fluxes (Fcih
) may now be calculated

using Eqs. (6), (9) and (10), respectively.

2.4 Thermodynamic module and characteristic time-scale

The chemical production/destruction terms for each size
class (Qi) are expressed as first-order relaxation towards
equilibrium (Eq. 1). To ensure mass conversation and con-
sistency with the model for the bulk species, the sum over
the individualQci

must equalQNH4NO3 of the bulk model,
i.e.

QNH4NO3=
χNH4NO3−χNH4NO3,eq

τc,bulk
≡

∑
i

Qci =
∑

i

ctot,i−ctot,i,eq

τc,i
(16)

ctot,i is the total NH4NO3 concentration and therefore iden-
tical to χNH4NO3 for all i. By contrast,ctot,i,eq represents the
equilibrium NH4NO3 concentration due to the equilibration
through condensation or evaporation in size-bini. If the sur-
face vapour pressure is the same for all particles, this value,
calculated according to Brost et al. (1988), is identical to the
bulk value ofχNH4NO3,eq. As mentioned before,τc is ap-
proximated byτ∞ as described by Eq. (4), in whichmi is
substituted byci×Mr,AN . Since in this equation the individ-
ual τ∞,i add reciprocally to the bulk time-scale, Eq. (16) is
automatically fulfilled. However, the vapour pressure above
aqueous particles smaller than 0.1µm in radius becomes in-
creasingly elevated by the Kelvin effect, andKe needs to be
multiplied by the Kelvin factor (fKelvin), leading to slightly
modified values ofctot,i,eq:

fKelvin = exp

(
2σjvj

RGT Rp

)
. (17)

Hereσj andvj are the surface tension and molar volume of
chemical speciesj , respectively (for values cf. Wexler and
Seinfeld, 1990),RG is the universal gas constant andT the
absolute temperature in K. In addition, the aerosol composi-
tion is generally size-dependent, leading to different values
of Ke for different aerosol sizes. Since these effects can only
be taken into account in the size-dependent model, but not in
the bulk approach, their implementation leads to a systematic
inequality of Eq. (16). In this case the source/sink terms for
NH3 and HNO3 are not calculated by relaxation of the bulk
species, but from the sum of the individual source/sink terms
for the NH4NO3 class bins (Qci

).

2.5 Calculation of modelled deposition velocities and com-
parison with measured values

To ensure comparability between measurements, measured
deposition velocities (Vd) are usually extrapolated to the sur-
face. The apparent surface deposition velocity of the hy-
drophilic aerosol (Vds,hp) is calculated fromFcih

as:

Vds,hp (Rih) = Vd,hp (z0, Rih)

=

(
V −1

d,hp (zh, Rih) − Ra (zh)
)−1

=

(
−

cih

Fcih
− Ra (zh)

)−1
.

(18)

If fhp(Rp) is the size-dependent number fraction of the hy-
drophilic aerosol, the overall deposition velocity predicted by
the model for the bulk aerosol is given by:

Vds,mod(Rih) = fhp (Rih) Vds,hp (Rih)

+
[
1 − fhp (Rih)

]
Vds,inert (Rih) ,

(19)

whereVds,inert is the same parameterization of the deposition
velocity of inert tracers used in Eqs. (12) and (13).

Although during field experiments, such as the Elspeet
campaign, size-segregated deposition velocities are often in-
ferred from particle number flux measurements, rather than
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mass fluxes, these particle numbers are measured at a con-
stant size and the measuredVds can therefore directly be
compared withVds,mod.

2.6 Definition of the missing boundary condition – the
equilibrium height

As a further set of boundary conditions, the values ofR′

ih

need to be defined at a certain height. By reducing the prob-
lem of calculatingc(z) to the calculation of the vertical gra-
dients innih andRih, it has been achieved that thenih are
affected only by the surface interaction, while gradients in
Rih are only the result of chemical conversion processes. As
a result,R′

ih at a certain height (zeq) is zero if (and only if)
there is thermodynamic equilibrium atzeq. Equilibrium can
theoretically be found at more than one height or may not
be obtained over the height range of the measurements at
all. Two different opinions dominate the literature: Kramm
and Dlugi (1994) introduced thermodynamic equilibrium at
z0 in order to be able to use parameterizations of the lam-
inar boundary layer resistance (Rb) derived for inert trac-
ers. This boundary condition is introduced out of mathe-
matical necessity rather than for physical reasons. In fact,
concentration gradients are particularly pronounced in the
laminar sublayer, while different conditions at the surface
may be the source of disequilibrium, which would suggest
that here equilibrium is unlikely to be found. By contrast,
Duyzer et al. (1995) argue for the NO-O3-NO2 system that
photochemical equilibrium is more likely to be found well
above the surface, and their model consequently “forces” the
flux-divergence to converge towards zero for increasingz.
The same reasoning is likely to apply to the NH3-HNO3-
NH4NO3 system (J. H. Duyzer, personal communication),
although it may be that due to changing conditions of pre-
cursor gas concentrations, temperature and humidity periods
occur when there is no equilibrium even remote from the sur-
face.

In general, it is necessary to distinguish between different
causes of disequilibrium: disequilibrium caused by advec-
tion will be largest well above the ground and relax towards
the ground, while disequilibrium driven by the difference in
surface exchange rates will be large at the surface (z0) and
vanish at higher heights. In the following, the two cases,
zeq=z0 andzeq=zref�z0, are investigated separately.

Equation (9) implies that atzeq, whereR′

ih=0, the rela-
tive concentration gradient equals the relative number den-
sity gradient (c′/c=n′/n). Hence, sincen′ was derived from
a parameterization ofVds,inert andRa, at zeq, the value ofc′

(and therefore the mass fluxFci
) also obeys this relationship,

i.e.Vds,hp(Riheq)=Vds,inert(Riheq) or:

Fci

(
zeq
)

= −KH
(
zeq
) zeq

b
c′

iheq

= −
ciheq
Ra

(
zeq
)
+ V −1

ds,inert

(
Riheq

)
.

(20)

This implies that ifzeq=zref, the best agreement between the
measuredVds and Vds,inert ought to be found atzref rather

Table 1. Input parameters for theoretical model scenarios (Sect. 3).
All concentrations are in nmol m−3.

Parameter Scenario A Scenario B Scenario C Scenario D

zeq z0 zref z0 zref
Km/Ke >1 (gtpc) >1 (gtpc) <1 (evapor.) <1 (evapor.)
χNH3 (0.5 m) 450 500 500 450
χNH3 (10 m) 500 250 300 500
χHNO3 (0.5 m) Dep. atVmax dep. atVmax 80 dep. atVmax
χHNO3 (10 m) 100 100 100 100
χNH4NO3 (10 m) 50 50 50 100
Are results
consistent with
observation of small yes no no yes
particle emission
by eddy-covariance?

Additional input parameters used commonly for all scenarios
are z0=0.03 m,zref=10 m, u(1 m)=4 m s−1, u∗=0.3 m s−1, L=∞,
H=λE=0,α=0.1.

than atz0. As discussed below, this result has important con-
sequences for the apparent deposition velocities. In the fol-
lowing, four theoretical situations are investigated: 1) con-
densational particle growth and 2) aerosol evaporation, each
combined with a) surface NH3 emission and equilibrium at a
high height (zeq=zref) and b) NH3 deposition andzeq=z0.

3 Theoretical model studies

3.1 Input parameters

To examine the theoretical effect of gtpc and aerosol evapo-
ration on the height-dependent vertical fluxes of differently
sized particles, a simplified model scenario is used. The
aerosol is assumed to consist of pure NH4NO3 (Sih=1; yi=0;
fhp=1), the mass distribution (and therefore also the number
distribution) of which is log-normally distributed at the ref-
erence height:

c(ln Rp) =
ctot

√
2π lnσG

exp

(
−

(
lnRp − lnRp,G

)2
2ln2σG

)
, (21)

wherectot is the total concentration of NH4NO3, σG andRp,G
are the geometric standard deviation and mass median radius
(e.g. Seinfeld and Pandis, 1997), which were set to typical
values of 1.6 and 0.46µm, respectively (Bai et al., 1995).

For the test runsVds,inert(Rp) is parameterized according
to measurements at Elspeet that appear to be unaffected by
gpic (Nemitz et al., 2004b), vertical gradients ofT andh are
neglected (latent heat flux (λE)=sensible heat flux (H)=0),
together with the Kelvin effect, and test runs are restricted
to neutral conditions (L=∞). Further input parameters are
listed in Table 1. In the following section,Km is the ac-
tual (measured or modelled) product of the precursor gases
(Km=[NH3]×[HNO3]) at a given height.
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Scenario B: 
Km > Ke (gtpc) 
zeq = zref 
NH3 emission 

Scenario C: 
Km < Ke (evap.) 
zeq = z0 
NH3 emission 

Scenario D: 
Km < Ke (evap.) 
zeq = zref 
NH3 deposition 

Scenario A: 
Km > Ke (gtpc) 
zeq = z0 
NH3 deposition 

Fig. 3. Results of Scenarios A–D for bulk aerosol and gas species calculated with the size-segregated model, showing gradients of concen-
tration (χ), flux (Fχ ), flux divergence (dFχ /dz), ratio of modelled and equilibrium concentration products (Km/Ke) and chemical time-scale
(τc). Note that the flux divergences of HNO3 and NH3 are identical and thus cannot be distinguished.
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3.2 Identification of conditions causing apparent emission
of small particles through four theoretical scenarios

3.2.1 Scenario A: NH3 deposition, zeq=z0, Km>Ke

Former studies have concentrated on conditions during
which the equilibrium value of the dissociation constant was
exceeded well above the surface, for example in the vicinity
of local sources of NH3 or HNO3 (e.g. Kramm and Dlugi,
1994). In this situation NH3 may either be deposited or emit-
ted; however, equilibrium at the surface is more likely to be
obtained when NH3 is deposited. Figure 3a shows the results
for the bulk gas and aerosol species as calculated with the
size-dependent model, including profiles of concentrations,
fluxes and flux divergences as well as the ratioKm/Ke and
τc. The large chemical time-scale of>1 h is the result of low
total particle loadings (note that NH4NO3 is the only aerosol
considered) and the value ofα selected. As a result, the bulk
fluxes are almost constant with height: the deposition fluxes
of NH3 and HNO3 increase slightly with height, while the
deposition of NH4NO3 decreases. The agreement in the flux
divergence of bulk NH4NO3 and the gaseous species may
be taken as a validation that the size-resolved modelling ap-
proach is consistent with the model for the bulk species and
the principle of mass conservation.

Figure 4a shows the resulting size-dependence of the sur-
face deposition velocity derived from the concentrations and
fluxes at various heights according to Eq. (18). Despite the
large chemical time-scales the effect on the apparentVds
of small particles is significant: with increasing height, for
small particlesVds changes from positive values (deposition)
to increasingly larger negative values (apparent emission).

Depending on the height, the sign change in the flux occurs
in the regionRp=0.1–0.3µm. Because these small particles
carry little mass, the bulk NH4NO3 flux shows deposition at
all heights, despite the upward flux of small particles.

3.2.2 Scenario B: NH3 emission, zeq=zref, Km>Ke

In this scenarioKe is exceeded due to NH3 emission and
equilibrium is maintained at the upper boundary height. As
with the previous example,Km>Ke leads to aerosol produc-
tion and a reduction of the NH4NO3 deposition flux with
height (Fig. 3b), which is also reflected in a decrease ofVds
with height (Fig. 4b). Km is affected by two contrasting
concentration gradients and therefore shows a maximum at
a height of about 0.5 m, while at the surface the concentra-
tions again approach equilibrium. This is directly reflected
in the flux divergence, which is proportional to the departure
from equilibrium (Eq. 1).

The resultingVds (Fig. 4b) shows interesting features:Vds
derived for zref matchesVds,inert used to calculaten′(z0),
while Vds derived from lower heights exceeds this value.
The sign of the NH4NO3 flux-divergence is positive and
therefore in agreement with the bulk modelling presented
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Scenario A: 
Km > Ke (gtpc) 
zeq = z0 
NH3 deposition 

Scenario D: 
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NH3 deposition 
 
 

Scenario C: 
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NH3 emission 
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Fig. 4. Modelled surface deposition velocities (Vds) as a function of
particle radius (Rp) for Scenarios A to D as they would be inferred
from size segregated eddy-correlation flux measurements at various
heights (z).

before. While gtpc may intuitively be expected to lead to
reduced aerosol deposition or apparent emission fluxes at
higher heights, the plot ofVds indicates faster deposition
thanVds,inert at lower heights, if derived by EC. While the
particles (numbers) are exchanged atVds,inert at the surface,
the particle growth during the deposition process causes the
(mass) deposition flux to increase towards the ground. At
the time the particles interact with the surface the flux is still
given by the concentration just above the ground andVds,inert.
This scenario shows that if equilibrium is attained at a higher
height and exceeded near the surface, gtpc will result in a
decrease of the particle deposition flux with height (with the
potential for apparent particle emission fluxes if determined
by gradient methods), but apparent emission from the size-
segregated EC measurements will never occur, as the flux
follows the parameterization of the surface deposition at the
equilibrium height, which serves as a lower limit.
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Fig. 5. (a)Dependency of the modelledVds derived atz=10 m for Scenario A on the value of the sticking coefficient (α). (b) The prediction
of Vds derived forz=2 m (thin lines) resulting from three different parameterizations ofVds,inert (bold lines), according to Slinn (1982),
(Nemitz et al., 2004b, Eq. 12) andVds,inert≡4 mm s−1.

3.2.3 Scenario C: NH3 emission, zeq=z0, Km<Ke

In this scenarioKm<Ke leads to aerosol evaporation at all
heights except the surface. This requirement can only be ful-
filled, if NH3 shows a strong emission gradient (leading to
a decrease ofKm with height) or if Ke increases with in-
creasing height, either due to a positive latent heat flux or a
negative sensible heat flux. Since the theoretical model runs
presented here do not consider gradients inKe, NH3 is as-
sumed to be emitted, bearing in mind that this may be in
contradiction to the assumption of surface equilibrium. Con-
sistent with aerosol evaporation, the NH4NO3 deposition flux
increases with height (Fig. 3c) andVds derived from higher
heights shows increasingly more positive divergence from
the input parameterization.

3.2.4 Scenario D: NH3 deposition, zeq=zref, Km<Ke

The last scenario considers an atmosphere in which concen-
trations are in equilibrium well above the ground, but the de-
position of NH3 and HNO3 reducesKm towards the surface.
As a result NH4NO3 evaporates and therefore shows a neg-
ative flux divergence (Fig. 3d) similar to the previous exam-
ple. In this case,Vds follows Vds,inert at the reference height
(Fig. 4d), while at lower heightsVds for small particles is
modified towards emission. Hence, although NH4NO3 de-
position increases with increasing height, apparent emission
may be found at lower heights. This observation does not
represent real emission at the surface, but is rather an arte-
fact caused by the size change of the particles (Eqs. 9 and
11). Once the particles hit the surface, evaporation ceases to
cause flux divergence and the surface deposition flux follows
Vds,inert.

To summarize the model predictions, simultaneous appar-
ent emission of small particles and deposition of large parti-
cles, as observed in the field, can be found either ifKm>Ke
(gtpc) and equilibrium is obtained at the surface (Scenario
A), or if Km<Ke (aerosol evaporation) and equilibrium is

obtained atzref�z0 (Scenario D). While in the first case ap-
parent emission becomes more pronounced at higher heights,
in the second case apparent emission is most distinct close to
the ground.

3.3 Factors influencing the radius at which the flux changes
sign

According to the chemical time-scale of Eq. (4) the gpic mass
flux to or from the aerosol (dc/dt=dFc/dz; Eq. 1) is propor-
tional toRp in the continuum and∝ R2

p in the non-continuum
regime (cf. Dahlin et al., 1981), while the temporal change in
the radius (dRp/dt) is proportional to (dc/dt)1/3. As a result
dRp/dt is ∝ R−1

p in the continuum regime and converges to-
wards a constant value for small particles (non-continuum
regime). Thus, growth and evaporation have a more pro-
nounced effect on the radius of smaller particles. In addition
to the particle radius,τc is also generally influenced by the
sticking coefficient (α), which for the condensation of NH3
and HNO3 onto existing particles is controversial (e.g. Das-
sios and Pandis, 1999; Rudolf et al., 2001). Figure 5a shows
the model results for various values ofα.

According to the theoretical prediction by Slinn (1982),
but also the parameterization obtained at Elspeet (Nemitz
et al., 2004b), small particles deposit slowly, and conden-
sation or evaporation has more time to modify their size.
This also explains why the gpic effect is largest for small
particles. To demonstrate the effect of the parameteriza-
tion of Vds,inert on the model result, the model was run
with the same input parameters as before but varying the
parameterization ofVds,inert (Fig. 5b). The parameteriza-
tion by Slinn (1982) was compared with the parameteriza-
tion derived for Elspeet, evaluated for the same conditions
(u∗=0.3 m s−1; L=−50 m) as well as to a size-independent
value ofVds,inert(Rp)≡4 mm s−1. The comparison shows that
the smaller the value ofVds,inert, the more likely becomes the
observation of particle emission.

Atmos. Chem. Phys., 4, 1025–1045, 2004 www.atmos-chem-phys.org/acp/4/1025/
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Fig. 6. Input mass distribution of NH4NO3 aerosol (dmNH4NO3/dlog(Rp)) and total hydrophilic (dmhp/dlog(Rp)) aerosol as estimated from

the cascade impactor data, normalized by the SJAC NH+

4 concentration for 5 June 1996 13:00 GMT. Also shown is the resulting number
distribution (dNhp/dlog(Rp)), together with the size distribution of the total aerosol (dNtot/dlog(Rp)) as measured with the combination of
SMPS and APS.

As mentioned above, surface tension elevates gas partial
pressures above strongly curved surfaces, such as small parti-
cles, compared with flat surfaces. For Scenario A the Kelvin
effect counteracts the tendency for smaller particles to grow
faster, while it leads to enhanced evaporation of small parti-
cles in Scenario D: forRp<0.2µm the predictedVds (2 m)
becomes increasingly reduced by the Kelvin effect. The in-
fluence of the Kelvin effect becomes larger for gas concen-
trations close to thermodynamic equilibrium. Finally, the ob-
servations of bi-directional particle fluxes by EC depends on
the shape of the particle number size distribution. For exam-
ple, if particle growth modifies a size bin where the size dis-
tribution increases (dN /dRp>0), more particles are expected
to grow out of a size bin than into the size bin. Conversely,
if such an aerosol is affected by particle evaporation, more
particles are expected to “shrink” into the size bin than out of
the size bin. The opposite holds true if dN /dRp<0.

4 Size-dependent modelling of gtpc effects at Elspeet

In this section the size-dependent gpic model is applied to
simulate measurement data obtained during the Elspeet cam-
paign (Nemitz et al., 2004a, 2004b). This study focuses on
5 June 1996, since on this day a nearly complete dataset was
obtained under adequate fetch conditions, and apparent emis-
sion of small particles was observed during the second half
of the day. From the preceding section it is found that emis-
sion of small particles may be the effect of either conden-
sational particle growth (Scenario A) or particle evaporation
(Scenario D). In the following both mechanisms of the NH3-
HNO3-NH4NO3 system are applied to the Elspeet dataset
and their plausibility discussed.

4.1 The size distribution at the upper boundary height

The model requires the input of the particle size-distributions
at the reference height specifying: a) the mass of NH4NO3,
b) the mass of all hydrophilic aerosol providing a reaction
surface for the condensation/evaporation, from which the
mass fractionSref,i can be calculated, and c) the number
distribution of the total aerosol, which is needed to derive
fhp(Rp) and eventuallyVds,mod(Rp) according to Eq. (10).
For Elspeet the following information on the aerosol charac-
terization was available (Nemitz et al., 2004b): low pressure
impactor measurements of the size distribution of the major
ionic aerosol components for several 12-h periods, continu-
ous (30 min) concentrations of particulate NH+

4 , NO−

3 , Cl−

and SO2−

4 (measured by a steam jet aerosol collector, SJAC,
with online anion chromatography), as well as 1-h values
of the particle number distributions over the diameter range
from 10 nm to 15µm.

As discussed by Nemitz (1998), the size distributions of
NH+

4 and NO−

3 measured at the site strongly depended on
the air mass history (continental/maritime) as well as time of
day. Given the higher size-resolution of the model compared
with the impactor, the impactor data was inverted to obtain a
bi-modal lognormal distribution (Dzubay and Hasan, 1990).
Since Cl− and SO2−

4 are ignored in the present version of
the model, all NH+4 was assumed to represent NH4NO3. The
NH4NO3 size spectrum was further normalized by the to-
tal NH+

4 concentration, measured by the SJAC at a higher
temporal resolution. The size distribution of the hydrophilic
aerosol mass was approximated by the sum of all analyzed
ionic species and converted into a number distribution. This
was used together with the total number size distribution
measured with a combination of a Scanning Mobility Particle

www.atmos-chem-phys.org/acp/4/1025/ Atmos. Chem. Phys., 4, 1025–1045, 2004
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Fig. 7. NH4NO3 dissociation constants at Elspeet on 5 June 1996. The measured dissociation constant (Km) and the theoretical equilibrium
(Ke,pure) values are shown for 0.5 and 3.3 m, together with the theoretical values, re-scaled for equilibrium at the respective opposite height
(see text).

Fig. 8. Model output for 5 June 1996, 13:00 GMT using Scenario A.(a) Concentration gradients of the bulk species fitted to measured
concentrations (©), (b) flux profiles and(c) height-dependence of the chemical time-scale (τc) and the saturation ratio (Km/Ke). The run
usesα=0.05.

Sizer (SMPS) and an Aerodynamic Particle Sizer (APS 3310,
both TSI Instruments) to calculatefhp, with the additional
condition thatfhp(Rp)=fhp(0.05µm) for Rp<0.05µm, be-
cause in this range the size distribution derived from the cas-
cade impactor was considered unreliable. Example distribu-
tions are presented in Fig. 6.

4.2 Concentration products at Elspeet

Measured (Km) and theoretical equilibrium concentration
products of NH3×HNO3 assuming pure NH4NO3 aerosol
(Ke,pure) are presented for two heights in Fig. 7 (see also Ne-
mitz, 1998). Equations (1) and (3) for the three chemical

Atmos. Chem. Phys., 4, 1025–1045, 2004 www.atmos-chem-phys.org/acp/4/1025/
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Fig. 9. Model output for 5 June, 13:00 GMT using Scenario A: apparent particle deposition velocity for(a) hydrophilic aerosol and(b) total
aerosol as a function of particle radius (Rp) and height (z). The parameterization ofVds,inert is according to Eq. 12 of Nemitz et al. (2004b);
α=0.05. Circles (©) representVds derived from eddy-correlation flux measurements atz=2.65 m (Nemitz et al., 2004b).

species (j=NH3, HNO3, NH4NO3) form a system of 6 cou-
pled first order differential equations that may be solved nu-
merically. The change ofKm with height is a result of the
vertical gradients of the concentrations, whileKe,pure is de-
termined by gradients inT andh.

Although on 5 June 1996 NH3 showed emission from
08:30–11:30 GMT, the deposition profile of HNO3 led to
Km(3.3 m)>Km(0.5 m) for most of the day. Due to gradi-
ents inT andh, thermodynamic theory predicts a positive
gradient inKe only after 18:30 GMT, while for the rest of
the dayKe,pure(3.3 m)<Ke,pure(0.5 m). At Elspeet,Km was
(partly significantly) smaller thanKe for most of the time,
and this would suggest potential for aerosol evaporation (Ne-
mitz, 1998). For aqueous aerosol the thermodynamic pre-
diction of Ke is uncertain, and several studies indicate that
mixed NH4NO3 salts remain deliquescent even ath well be-
low the theoretical humidity of deliquescence (e.g. Dougle et
al., 1998). Therefore the relative difference ofKm andKe at
both heights is assessed by the calculation of values re-scaled
for equilibrium at the respective opposite height, i.e.:

Ke,re−scale(0.5 m) =
Km(3.3 m)×Ke,pure(0.5 m)

Ke,pure(3.3 m)
. (22)

A similar value is calculated forz=3.3 m (Fig. 7).
If equilibrium is attained at a low height (e.g.
z=0.5 m), i.e. Ke(0.5 m)=Km(0.5 m), it follows that
Km(3.3 m)>Ke,re−scale(3.3 m), suggesting potential for
aerosol evaporation (gtpc) above 0.5 m. Similarly, if
equilibrium is assumed at a higher height, i.e.Ke(3.3 m)=
Km(3.3 m), the resulting conditionKm(0.5 m)<Ke,re−scale
(0.5 m) is consistent with aerosol evaporation potential
below 3.3 m. These two cases are therefore examples of
the former Scenarios A and D, respectively, which were
both found to be consistent with the observation of apparent

emission of small particles. In Fig. 7 concentration products
are presented for the measurement heights (0.5 and 3.3 m),
but for modelling purposes equilibrium is assumed either at
z0 or atzref, following Scenario A and D, respectively.

4.3 Apparent aerosol emission by gas-to-particle formation
(following Scenario A)

Intuitively, apparent negativeVds, implying aerosol emission,
would be attributed to aerosol formation or growth, which
occurs forKm>Ke. As outlined in the previous section, on 5
June 1996 at Elspeet this condition is fulfilled above the equi-
librium height (zeq). HereKe,pure(z) is therefore re-scaled
according to Eq. (22) after each iteration (Sect. 2.3) such that
Ke,pure(z0)=Km(z0), whereKm(z0) is the modelled concen-
tration product atz0. The output of an example run is shown
in Fig. 8. While the relative change of the gas fluxes with
height is small, the NH4NO3 flux shows deposition at the
surface and emission at the reference height. Due to a strong
deposition gradient of HNO3, the ratio ofKm/Ke increases
away from the surface raising the potential for condensation.

The values ofVds(Rp, z) resulting from the same run are
shown in Fig. 9a for the hydrophilic aerosol and in Fig. 9b
for the total aerosol, where they are compared with theVds
measured by EC with the ASASP-x optical particle counter
(Nemitz et al., 2004b). For the chosen value ofα=0.05 good
agreement is found between predicted and measured values.
In particular, the particle size at which the flux changes sign
(Rp=0.1µm) is predicted correctly by the model.

To assess the ability of the model to reproduce tempo-
ral features of the measured bi-directional particle fluxes,
the model was applied to the whole diurnal cycle of 5
June. The time-courses of the modelled and measuredVds
(Fig. 10) show some common features such as the switch
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Fig. 10. Diurnal course ofVds from 5 June 1996 model results using Scenario A, in comparison with measurements for three different size
classes. Modelled values are forα=0.05.

Fig. 11. Model output for 5 June 1996, 13:00 GMT using Scenario D.(a) Concentration gradients of the bulk species fitted to measured
concentrations (©), (b) flux profiles and(c) height-dependence of the chemical time-scale (τc) and the saturation ratio (Km/Ke). The run
usesα=1.

from deposition to emission for the 0.05µm particles at
10:00 GMT. However, the model tends to underestimate the
effect of gtpc on the flux measurements of the 0.10µm parti-
cles and overestimates the effect on the 0.05µm size-range.
For individual 30-min runs, the model predicts negative radii
for certainRih (no particles in size classi at heighth), lead-
ing to gaps in the modelled time-series. This problem be-
came more pronounced for larger values ofα.

Interestingly, the model predicts enhancedVds around
07:00 GMT, when there was evaporation potential due to
Km>Ke,rescale(Fig. 7), which is in agreement with Scenario
C and was also picked up by the ASASP-x for the smallest
size class. The relative difference of the surface exchange
fluxes of HNO3 and NH3 betweenz=3.3 m andz0 is on aver-
age 5.2 and 10%, respectively, with larger deposition found
at 3.3 m. Hence according to Scenario A, the model would
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Fig. 12. Model output for 5 June, 13:00 GMT using Scenario D: apparent particle deposition velocity for(a) hydrophilic aerosol and(b)
total aerosol as a function of particle radius (Rp) and height (z). The parameterization ofVds,inert is according to Eq. (12) of Nemitz et
al. (2004b);α=1. Circles (©) representVds derived from eddy-correlation flux measurements atz=2.65 m (Nemitz et al., 2004b).

suggest the true surface uptake resistances of HNO3 to be
even larger than derived with the aerodynamic gradient tech-
nique (Nemitz et al., 2004a).

4.4 Apparent aerosol emission by particle evaporation (fol-
lowing Scenario D)

According to Scenario D, thermodynamic equilibrium was
assumed to be attained well above the ground, and for con-
venience this is applied here at the upper measurement height
(z=3.3 m). Figure 11 shows the results for the bulk species
during the example run for this scenario. The large value
of α=1 that best fits the measurements leads to relative short
chemical time-scales of about 6 min as well as flux rever-
sal for the NH4NO3 flux. Near the corresponding height
the concentration is at a minimum andτc therefore shows
a maximum. In Fig. 12a the values ofVds,hp derived by the
model are compared with the measured values, with good
agreement atzmeas, while the values predicted for the total
aerosol (Vds,mod; Fig. 12b) underestimate the measurements.
In this model run, although equilibrium is assumed to hold
at a height of 3.3 m, concentrations at this height are proba-
bly still affected by the deposition process. Concentrations
might not reach the equilibrium value even if extrapolated
to a height of 50 m (Nemitz, 1998), bearing in mind that the
exact thermodynamic value is difficult to estimate. If equilib-
rium is attained at a higher height, the departure from equi-
librium would be larger over the height range of the measure-
ments and a smaller, and possibly more realistic, value inα

would be sufficient to fit the measurements.
The diurnal courses ofVds,mod modelled for 5 June accord-

ing to Scenario D for the surface (z0) are presented in Fig. 13,
as the effect onVds measurements at thezmeasturns out to be
small. Two reasons can be identified: a large fraction of the
aerosol is assumed to be hydrophobic (fhp small), thus re-

mains unaffected by the chemical conversion and deposits at
Vds,inert. As a resultVdp,hp contributes only slightly to the
modelledVds,mod for the total aerosol. In addition, since the
zmeas(2.65 m) is very close to the chosenzeq (3.3 m) the di-
vergence from equilibrium at this height is not large enough
to cause substantial flux divergence. If the scenario that equi-
librium is attained well above the surface is correct,zeq is al-
most certainly very much larger than 3.3 m, whilefhp is quite
possibly underestimated. Hence the effect of aerosol evapo-
ration on theVds,hp measurements at 2.65 m may in fact be
as large as predicted forz0 by the current model.

Although some features of the measurements are not re-
produced by the model, the overall pattern is similar. The
Vds,hp of the largest size class (Rp about 0.12µm) remains
largely unaffected by aerosol evaporation, while for the mid-
dle size class the deposition velocity is reduced in the after-
noon. During this period the effect of aerosol evaporation
is large enough for the smallest particles (Rp=0.05µm) to
show apparent emission. The relative difference of the sur-
face exchange fluxes of HNO3 and NH3 betweenz=3.3 m
andz0 is on average 8.5 and 28%, respectively. Consistent
with aerosol evaporation, gas deposition fluxes are underes-
timated at 3.3 m, which can partly, but not fully, explain the
magnitude and consistency of the apparent surface uptake re-
sistance of HNO3 found at Elspeet (Nemitz et al., 2004a).

5 Discussion

5.1 Theoretical model assessment

The time-evolution of aerosol size-spectra as modified by
condensation and evaporation has been the subject of var-
ious modelling studies (e.g. Dahlin et al., 1981; Harrison
et al., 1990; Bai et al., 1995; Kerminen and Wexler, 1995;
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Fig. 13. Same as Fig. 10, but for Scenario D andα=1. Vds is presented as derived from the fluxes atz0, as the model leads to small effects
for the height of the ultrasonic anemometer (2.65 m), most likely due to an underestimation ofzeq=3.3 m (see text).

Kulmala et al., 1995; Dhaniyala and Wexler, 1996; Meng
and Seinfeld, 1996; Kerminen et al., 1997; Makar et al.,
1998). However, these models have hardly ever been cou-
pled with surface/atmosphere exchange processes. Here a
1-D model is presented that solves the steady state equations
of the vertical profiles of differently sized particles as mod-
ified by the HNO3-NH3-NH4NO3 system and therefore ex-
plicitly predicts the height dependence of the NH4NO3 size-
distribution, together with the vertical profiles of the concen-
trations and fluxes of the bulk concentrations of HNO3, NH3
and NH4NO3. This model obeys mass conservation and is
consistent with the model for the bulk species, except for the
Kelvin effect and the effect of size-dependent particle com-
position on the gas equilibrium partial pressures of aqueous
aerosol, which cannot be accounted for in the bulk model.

Application of the model to a log-normal distribution of
pure NH4NO3 shows that the perturbation of the equilib-
rium of the HNO3-NH3-NH4NO3 system due to deposition
and emission processes leads to size-dependent divergence of
Vds as it would be derived from EC measurements for sub-
micron particles. The direction of the effect is dependent
on the height at which equilibrium is attained. While gtpc
(Km>Ke) leads to apparent reducedVds or emission ifzeq is
lower thanzmeas(Scenario A), enhanced deposition is found
if zeq is higher thanzmeas(Scenario B). By contrast, during
aerosol evaporation (Km<Ke), Vds would seem raised be-
low zeq (Scenario C) and underestimated abovezeq (Scenario
D). As a result, apparent emission of small particles may be
found forKm>Ke abovezeqas well as forKm<Ke belowzeq
(Scenarios A and D, respectively). Bearing in mind that the
model neglects new particle formation and only treats parti-
cle growth or evaporation, physically, particle deposition has

to occur at the surface (z0) across all size ranges at a rate
given by the deposition velocity for inert tracers and the con-
centration atz0. Observations of deviation from this value
are an effect due to condensational particle growth or evap-
oration (Eq. 9) and apparent NH4NO3 emission atz0 may
arise for certain size-classes as a change of the particle com-
position with height.

The magnitude of the effect and in particular the particle
radius at which the flux changes from deposition to emission
depends on the deviation of the concentrations from equi-
librium, the sticking coefficient (α), the parameterization of
Vds,inert (Fig. 5) and the shape of the aerosol size-distribution,
but for the application to measurement data it is also crucially
dependent on the height ofzeq, as well as the fraction of the
aerosol affected by the chemistry (fhp).

5.2 Model application to measurement data

Problems in the accurate prediction ofKe from thermo-
dynamic theory make it difficult to decide conclusively
whether for given measurement periods at ElspeetKm>Ke
or Km<Ke. Taking the vertical gradients ofT andh into
account, the relative magnitude of measured profiles ofKm
and predicted profiles ofKe are consistent with Scenarios A
and D, and contradict Scenarios B and C (Fig. 7). The obser-
vation of the size-dependent bi-directional particle fluxes at
Elspeet therefore agrees well with the effects expected from
the NH3-HNO3-NH4NO3 chemistry.

The model application to data obtained during an example
run demonstrates that both Scenarios (A and D) are capable
of predicting values ofVds,mod, similar to the measurements
(Figs. 9 and 12). In both cases, the small values offhp lead
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to Vds,mod to be very different fromVds,hp, emphasizing the
sensitivity ofVds,mod to the choice ofVds,inert andfhp, both of
which are rather uncertain. In addition, hydrophilic aerosol is
assumed to be composed only of the measured ionic aerosol
species, while hydrophilic and hydrophobic aerosol species
are assumed in the model not to co-exist within the same
particles. These simplifications may constitute an underes-
timation of the aerosol fraction available for the reaction,
resulting in an overestimation ofτc and underestimation of
the effect onVds,mod. In the light of these uncertainties, the
agreement between the diurnal courses of modelled and mea-
sured particleVds of three example size-classes (Figs. 10 and
13) is satisfactory and supports the theory that the apparent
emission of fine particles was caused by gtpc/evaporation ef-
fects. In particular, the model correctly predicts emission to
be observed in the afternoon, although individual features in
the measurements are not well reproduced.

On the whole the model approach using Scenario D shows
the better agreement. For this approach the measured values
are compared withVds,mod predicted forz0, which are most
heavily influenced by aerosol evaporation, rather than for the
measurement height. The choice of a largerzeqwould greatly
increase the effect at the measurement height; it is very likely
that the concentrations atz=3.3 m were still affected by the
deposition process and that the departure from equilibrium
has been artificially decreased in the model application.

As discussed by Nemitz (1998)Km estimated forz=50 m
was closer toKe than derived forz−d=1 m, while the largest
deviation (Km<Ke) was found atz0. Bearing in mind that
the extrapolation was done under the assumption that the
concentration profiles are unaffected by gtpc/aerosol evap-
oration and that the constant flux layer extended to this
height (i.e. approximately log-linear profiles with the gra-
dient modified only by effects of atmospheric stability as
dχ /d[ln(z)−9(z/L)]), this nevertheless indicates thatzeq
may have been of the order of tens of metres and that Sce-
nario D reflects the conditions at Elspeet better than Scenario
A. In addition, the observation ofVd�Vmax for HNO3 (Ne-
mitz et al., 2004a) and large values ofVds(NH+

4 ) from gradi-
ent measurements (Nemitz et al., 2004b) are also in agree-
ment with aerosol evaporation, while gtpc should lead to
the observation of enhanced deposition rates of acids and re-
duced deposition rates of NH+4 . These observations therefore
offer further support of Scenario D. The average difference in
the HNO3 flux between thez0 and the measurement height of
8.5% is, however, not sufficient to explain fully the observed
reduction ofVd compared withVmax , which was on aver-
age 44% for dry daytime conditions (Nemitz et al., 2004a,
Table 3). This indicates that the significant canopy uptake
resistance (Rc) observed for HNO3 is a real feature of the ex-
change process, quite possibly caused by the evaporation of
NH4NO3 from leaf surfaces. Nemitz et al. (2004b) draw to-
gether all the evidence for aerosol evaporation and find good
temporal correlation of the anomalous fluxes observed.

5.3 Uncertainties and recommendations for further investi-
gations

The higher complexity of the present model compared with
the bulk models (e.g. Brost et al., 1988; Kramm and Dlugi,
1994) results in an increased number of input parameters. At
Elspeet an extensive dataset of simultaneous gradient mea-
surements and aerosol characterization was obtained, but
some key parameters still remain uncertain:

a) Insufficient knowledge of the size-dependent aerosol
composition, especially of particles withRp<0.125µm
and as a function of time, leads to uncertainties in the
estimate of the aerosol available for the reaction in rela-
tion to the NH4NO3 concentration and the number dis-
tribution of the total aerosol, expressed throughSih and
fhp, respectively.

b) In common with all current parameterizations ofVds
for inert aerosol (Vds,inert) as a function of particle size,
the parameterization used here Eq. (12) of Nemitz et
al. (2004b) has some deficiencies and leads to negative
values for very fine aerosol.

c) The equilibrium height (zeq) is currently unknown and
measurements in the surface layer (0–4 m) should ide-
ally be complemented by parallel measurements at
larger heights (20–50 m), which would be less affected
by surface / atmosphere exchange processes and may
also provide a measurement ofKe.

d) Operationally, the current model requires equilibrium to
be attained within the height-range of the model. For
this reason equilibrium had to be assumed at a com-
parably low height ofzref=3.3 m for Scenarios B and
D. Extension of concentration measurement to larger
heights would provide input parameters for more realis-
tic model runs under these conditions.

These add to the general uncertainties currently associated
with the modelling of gtpc/aerosol evaporation on surface ex-
change fluxes, which include:

e) The prediction of the gas concentration products in
equilibrium with the aerosol phase (Ke).

f) The reaction mechanism, time-scale and in particular
the sticking coefficient (α).

g) The role of competing reactions such as the NH3-HCl-
NH4Cl system and the interaction between NH3 and
SO2.

Further uncertainty is introduced by the fact that the particle
sizers (APS and SMPS) infer the mobility diameter, while
the ASASP-x detects the optical diameter, which varies with
the refractive index of the particles (e.g. Garvey and Pinnick,
1983), and atmospheric particles are in general not spherical.
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The model predicts the effects of gtpc/aerosol evapo-
ration to be even more substantial for theVds of parti-
cles smaller than the lower cut-off radius of the ASASP-X
(Rp<0.05µm), which would show up in respective flux mea-
surements. Since these small particles cannot currently be
sized by optical methods, the application of multiple Differ-
ential Mobility Analyzers (DMA) in gradient configuration
may provide a useful tool for the validation of the modelled
processes.

At Elspeet the chemical composition of the particles show-
ing apparent upward fluxes was not explicitly identified.
Since these small particles carry only little mass, it is very
difficult to prove that the particle growth/evaporation is due
to the HNO3-NH3-NH4NO3 system. At the moment the
model results only show that this kind of gas-particle interac-
tion is capable of causing the observed bi-directional fluxes,
but other gtpc/aerosol processes such as the photochemical
heterogeneous oxidation of (biogenic) volatile and biogenic
(semi-)volatile organic compounds (BVOC’s) may be an ad-
ditional explanation. Nevertheless, many physical processes
considered in this model, including the size-dependency of
the chemical time-scale, are generic to heterogeneous reac-
tions. As a result, the size-segregated effect on the EC mea-
surement ofVds should be similar, independent of the ac-
tual chemical reaction. New instrumentation for the mea-
surement of speciated size-distributions at high temporal res-
olution (e.g. Jayne et al., 2000) will help provide improved
aerosol information for future studies and may form the basis
for eddy-covariance measurements of size and composition
distributed aerosols.

In this study surface/atmosphere exchange fluxes of the
chemical species were derived from measurements of con-
centration gradients. For a full and independent validation of
the model predictions, it would be necessary to measure the
fluxes of the individual chemical species (NH3, HNO3 and
size-segregated NH4NO3) at several heights to quantify the
vertical flux divergence directly. Eddy-covariance and (re-
laxed) eddy accumulation approaches needed for these mea-
surements have only just begun to be extended to these re-
active compounds, and it is unlikely that they will become
sufficiently accurate to derive flux gradients of often<10%
in the near future.

5.4 Quantification of the effect of gpic on net exchange
fluxes of NH3, HNO3 and NH4NO3

On the example day of 5 June, the equivalent concen-
trations followedχNH4NO3�χHNO3<χNH3 during daytime,
while χHNO3 was much smaller during the night. Although
Vd(HNO3)<Vmax(HNO3) during the day, the deposition flux
of HNO3 was considerably larger thanF (NH3), which was
small, switching between deposition and emission. Conse-
quently, the relative difference inF (NH3) betweenz=3.3 m
andz0 of −10% was on average larger magnitude than for
the value of−5.2% found for HNO3 for Scenario A us-

ing α=0.05. Conversely,F (NH3) changed by +28% and
F (HNO3) by +8.5% following Scenario D withα=1. These
results are in broad agreement with the first estimate of the
effect derived by Nemitz et al. (2004b). Although Scenario
D leads to a reducedVd(HNO3) at the measurement height
if compared withVd(z0), the difference is not sufficient to
explain the divergence fromVmax completely. As discussed
above,zeq but alsofhp were probably underestimated and
the flux divergence may have been larger. The model pre-
sented here only accounts for the evaporation potential of
airborne NH4NO3. It is likely that NH4NO3 is also present
on leaf surfaces, either from previously deposited particles or
as a consequence of co-deposition of NH3 and HNO3 which
may form NH4NO3 particles attached to leaves when leaf
water-layers evaporate. Such surface NH4NO3 would result
in a non-zero surface concentration of HNO3, raising the sur-
face resistance. Hence, although aerosol evaporation can in
part explain observations ofVd(HNO3)<Vmax (Harrison et
al., 1989; Sutton et al., 1993), the data here point to non-
zero Rc(HNO3) as being a real phenomenon under condi-
tions favouring NH4NO3 evaporation from canopy surfaces.

Over the height range of the measurements, flux reversal
occurred occasionally for NH3 and more often for NH4NO3
(Figs. 8 and 11). In agreement with the EC measurements,
the model predicts the observation of apparent emission of
small particles. This potentially leads to a significant un-
derestimation ofVd,inert if parameterized from EC measure-
ments affected by gtpc/aerosol evaporation processes and
may therefore have implications for the (under-) estimation
of aerosol dry deposition.

As mentioned in the Introduction, apparent aerosol emis-
sion of small fluxes was observed during a joint BIATEX
field campaign in April/May 1991 at the Dutch heathland
“Leende Heide” (Fig. 1). For the same campaign Zhang et
al. (1995) reported upward gradients of HNO3 andKm<Ke
for afternoon periods, in agreement with NH4NO3 evapora-
tion. These authors also presented a first-order correction of
the NH3 flux of up to−100 ng m−2 s−1 under the assumption
that at the surface HNO3 was deposited atVmax. Inconsisten-
cies arose during night, when the upward gradients of HNO3
continued despite the observation ofKm>Ke. Nevertheless,
the similarity of the observations indicates that aerosol evap-
oration may have a large effect on gas and aerosol fluxes at
semi-natural sites across the Netherlands. High emissions
of NH3 from agricultural activities suppress HNO3 concen-
trations and result in large NH4NO3 concentrations (e.g. ten
Brink et al., 1996). Above semi-natural vegetation, depo-
sition of HNO3 and usually NH3 leads to the potential for
aerosol evaporation, especially over warm canopies during
the day. Given the high aerosol concentrations, there is
plenty of NH4NO3 to evaporate and chemical time-scales are
often short enough for flux divergence to be significant.

In addition to gpic having the potential to cause artefacts
in flux measurements, it should also be noted that gpic may
also modify the net exchange of total NHx and NOy. It has
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been pointed out that gpic only requires measurement cor-
rections to the component gas and aerosol fluxes, while the
flux of total gas+aerosol flux (i.e. of TN and TA) is con-
served. However, importantly, gpic changes the partition-
ing between gas and aerosol, which have contrasting values
of Vd, and gpic therefore modifies the total gas+aerosol flux
compared with a situation without chemical conversion. This
may be illustrated in the present case according to Scenario D
(aerosol evaporation:Km<Ke, zeq>zmeasNH3 deposition),
where at the surfaceVd(NH3, HNO3)>Vd (aerosol). Evap-
oration of the aerosol provides additional NH3 and HNO3
near the ground, facilitating a net increase in total N deposi-
tion. Conversely, in the case of Scenario B (gpc:Km>Ke,
zeq>zmeas, NH3 emission), gradient measurements might ap-
pear to showVd (HNO3)≥Vmax (Sutton et al., 1993). How-
ever, here, aerosols rather than the canopy surface represent
part of the sink for the HNO3, which having a smallerVd than
HNO3 reduces the overall N deposition. The general conse-
quence of this interaction is therefore a tendency to reduce
deposition in NH3 source areas, while increasing deposition
to areas that are already sinks for NH3.

6 Conclusions

Theoretical investigations using the present model demon-
strate that the heterogeneous chemistry of the NH3-HNO3-
NH4NO3 system is probably responsible for the observation
of simultaneous emission of small particles and deposition
of larger particles, repeatedly made during eddy-covariance
(EC) particle flux measurements above semi-natural vegeta-
tion. Two possible situations have been identified: i) gas-to-
particle conversion (gtpc) atKm>Ke causes apparent emis-
sion of small particles at heights above the height at which
thermodynamic equilibrium is attained (zeq) and this situa-
tion may arise during advection of either NH3 or HNO3; ii)
aerosol evaporation atKm<Ke causes evaporation of aerosol
below zeq, leading to apparent emissions of fine particles,
which is consistent with equilibrium in the higher atmo-
sphere and HNO3 deposition, and may be enhanced by NH3
deposition and high canopy temperatures.

The application of the two model scenarios to measure-
ment data from Elspeet reveals that either process may be
responsible for the simultaneous emission of small parti-
cles (Rp<0.10µm) and deposition of larger particles mea-
sured by EC at Elspeet and during other studies. However,
the somewhat better model fit of the second approach, to-
gether with better agreement of the extrapolated concentra-
tions with thermodynamic equilibrium at higher heights, as
well as the observation of reduced HNO3 and fast NH+4 depo-
sition by gradient technique, suggest that the negative values
of aerosolVds were caused by aerosol evaporation during the
deposition process (i.e. explanation ii.). The flux measure-
ments of larger particles remain unaffected by gtpc/aerosol
evaporation, because the mass flux to and from these par-

ticles is subject to long characteristic times and leads to a
much smaller relative change in particle size than for small
particles. Some uncertainties remain due to the limited size-
segregation and temporal resolution of the measured size dis-
tribution and composition of the aerosol. At present it can-
not be ruled out that other heterogeneous reactions such as
the photochemical oxidation of BVOCs (also) affected the
flux measurements, although the physical processes should
be similar.

Even if the relative effect on the gas fluxes is relatively
small (<10%), the effect of gtpc/aerosol evaporation on size-
segregated particle flux measurements can be large, poten-
tially contaminating the parameterizations derived from EC
particle flux measurements as well as gradient measurements
of HNO3 and NH3 fluxes. The application of these param-
eterizations to aerosol components not involved in the reac-
tions, such as Na+, SO2−

4 and heavy metals, may lead to a
significant underestimation of their deposition. In deriving
Vds from field measurements extra care should therefore be
taken to ensure that gas-to-particle conversion and aerosol
evaporation do not affect the measurements. On a more pos-
itive note, the investigations imply that size-segregated par-
ticle number flux measurements provide a means to estimate
whether gtpc and evaporation processes are likely to contam-
inate the flux measurements of NH3, HNO3 and HCl and to
quantify conversion rates.

Appendix A

This appendix introduces the logarithmic height co-ordinate
and derives the central differential Eq. (11). Given the loga-
rithmic concentration profiles, in the model differential equa-
tions are generally integrated on a logarithmic height co-
ordinate (h) to improve the accuracy. Discrete height layers
(zh) were defined forh=1, . . . ,hmaxas (adapted from Kramm
and Dlugi, 1994):

zh = exp

(
h − 1 + bln (z0)

b

)
(A1)

with

b =
hmax − 1

ln (zref) − ln (z0)
. (A2)

Following the notation introduced in the main text,cih repre-
sents the height-dependent NH4NO3 concentration in a cer-
tain size bin (i). In the following the indicesi and h are
dropped and the operator′ is used for the total derivative with
respect toh (d/dh). From the relationship betweenh and the
physical height (z), Eq. (A1), the first derivative ofc with
respect toh (c′) is related to the dc/dz by:

c′
=

∂z

∂h

dc

dz
=

z

b

dc

dz
(A3)
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Similarly, the second derivative (c′′) is given by

c′′
=

d

dh

( z

b

) dc

dz
+

( z

b

)2 d2c

dz2
=

c′

b
+

( z

b

)2 d2c

dz2
. (A4)

The model is based on first-order relaxation towards equi-
librium (Eq. 1) and first-order closure through the classical
flux-gradient relationship for inert tracers (Eq. 3). From these
equations the second-order derivative ofc with respect toz
may be derived as:

d2c

dz2 = −
1

KH

dF
dz

+
F

K2
H

dKH
dz

=
1

KH

ctot,i−ctot,i,eq
τc,ih

+
β2c′K ′

H
z2KH

(A5)

and this equation may be substituted into Eq. (A4).
By analogy with Eq. (9) the change in the radius withh

can be calculated from the change in the concentration and
the number density from Eq. (8):

R′
=

∂R

∂c
c′

+
∂R

∂n
n′

=
c′

3kR2n
−

cn′

3kR2n2
(A6)

Forming the second derivative ofR with respect toh (R′′)

leads to

R′′
= −

c′n′

3kR2n2 −
2c′R′

3kR3n
+

c′′

3kR2n

−
n′c′

3kR2n2 −
cn′′

3kR2n2 +
2cR′n′

3kR3n2 +
2cn′2

3kR2n3

(A7)

in which c′ andc′′ can be substituted according to Eqs. (9)
and (A4), respectively:

R′′
= −

2R′n′

n
−

2n′2

3n2

(
R −

y

R2

)
−

2R′2

R

−
2R′n′

3n

(
1 −

y

R3

)
+

R′

β
+

n′

3βn

(
R −

y

R2

)
−

K ′
HR′

3KH
−

K ′
Hn′

3KHn

(
R −

y

R2

)
+

2cn′R′

3kn2R2

+
2cn′2

3kR2n3 −
cn′′

3kR2n2 +
z2(ctot−ctot,eq)
3kKHβ2R2nτc

(A8)

Simplification of this expression yields Eq. (11).
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