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The quantitative etfect of gas-to-particle converston on ammonia fluxes 1

1. INTRODUCTION

1.1 AMMONIA AS A POLLUTANT

During the last ten years there has been a growing interest in the atmospheric emission and transport of
nitrogen species. As oxides of nitragen (NQO,, NC and HNO;} are mainly produced by anthropogenic
sources, their increasing concentrations are expected 10 have an effect on the global nitrogen cycle and
budget. However, it has also been shown that the increase of the emission of reduced nitrogen in the
form of ammoma (mainly due to nsing live stock numbers, over the last 200 years) has effects.
Ammonia is the only major gaseous base in the atmosphere. It plays an important role for the
neutralisation of atmospheric acids such as nitric acid (HNG,). sulphuric acid (H,30,) and hydrochloric

acid (HCI) as well as in the global nitrogen cycle (see Figure 1).
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Figure 1: The schematic nitrogen cycle taken from The Royal Society (1983)

The atmospheric deposition of NH; into ecosystems is known to have the following main environmental

npacts:
1. Eutrophication:

The deposition of nitrogen compounds 15 a potential source of nutrient import. Whereas this
deposition had been considered to be a beneficial source of nitrogen for plants it is now suspected to
disturb the balance of the nutrient economy. For example, eutrophication of lakes is known to
increase the possibility of algal booms. Additional nitrogen supply favours the growth of plant
communities needing high amounts of nutrients and might suppress species favouring oligotrophic
conditions. This way heather is endangered to be gradually replaced by grass and short grassland

species by taller, rougher grasses. Moreover additional nitrogen supply can induce imbalance of
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2 The quantitative effect of gas-to-particle conversion on ammpnia fluxes

other nutrients and hormones leading to a higher sensitivity to frost damage or fungal infection as

well as fast growth and the production of high volume cells resulting in wind sensitivity as far as

trees are concerned (e.g. Sutton er al., 1993).

1

Acidification of ecogystems:

Additional to the direct deposition of nitric acid, ammonia deposition can also lehd to soil
acidification. Transformation of NH; to NH," consumes one H*, however, subsequent okidation of
the NH," to nitrate by soil bacteria releases two H, resulting in a net acidification. Othet plant and
soil uptake processes act in competition so that it is difficult to cstimate the net contribution of NH,
to acidification. Since additional nitrate ions might catch nutrient cations (cg. Ca®, K'),fthey limit
the availability of nutrients for the plant causing growth problems associated with nutrient shortages.

This effect has become known as the 'ammonium hypothesis’ for forest decline (Nihlgded, 1985).
3. Modification of atmospheric and surface chemistry:

As the predominant atmospheric base the pH change due to ammonia and ammeonium solved in
aquecus aerosol, in cloud droplets or in leafl water films, is known to strongly influence the reaction
rates of many aqueous phase reactions. It has been suggested that deposition of ammonia and
deposition of sulphur dioxide enhance each other (known as NH;-S0, co-deposition, e.g. Erisman
and Wyers, 1993} as the oxidation of SO, increases with pH (Behra er al. 1989) acting as a sink for

NHj; in return lowering the pH and thus allowing a higher deposition flux of ammonia.

4. In high concentrations airborne ammonia itself may be directly phytotexic as suggesied by van der
Eerden (1982).

These negative effects make it necessary to monitor ammonia concentrations and to estimate the inputs
of ammonia into the biosphere. For this a better understanding of transfer mechanisms to canopy and
surface is important along with new and more precise measuring technigues for ammonia concentrations

and fluxes.

1.2 EMISSION AND DISTRIBUTION

The contribution of the different sources to the emission of ammonia has been controversially discussed
throughout time and literature. Natural emission rises from soil, anthropogenic from animal manure,
synthetic fertiliser and livestock waste (see Table 1). Asman {1992) estimates that the latter ¢ontributes
about 81% to the estimated total emission of 6.4 Tg NH, per year in Europe. Dentener and Crutzen

{1994} assume a worldwide NH; emission from anthrapogenic sources of 30.4 Tg N yr'',

Sensitive 10 local sources ammonia emissions and concentrations show a high spatial anq:i temporal
variability., Allen et al. (1988) who carried out a study for Colchester, UK, found mean! ammonia
concentrations decreasing from 28 to 2 pg over a distance of less than 2 km. Moreover, ammdnia can be
either emitted or deposited depending on air concentration and the state and naturc of the ecosystem,
This leads to some complications for & uniform description of the micrometeorofogical theory as some

common techniques cannot sensibly applied to bi-directional transter {see next section). Sufton (1990)
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The quantitative effect of gas-to-particle conversion on ammenia fluxcs 3

made flux measurements over different ecosystems and measured mean deposition fluxes over natural
ecosystems as: 31 ng m? sl over neutral-calcareous grassiand, 23 ng m2 5! over moor land, of 10 ng m
2571 over forest. Fluxes over agricultural surfaces differed with meteorological conditions and the time
of year indicating an influence of the state of the crop, the intensity of grazing or temperature. A mean
deposition flux of 12.2 ng m?2 s*! in winter and an emission flux of -4.8 ng m2 5! in summer for the
same agricultral grassiand show this seasonal dependency. Fluxes in summer differed from 10.6 ng m2

sl under wet 1o -15 ng m™? ¢! under dry conditions.

Table 1: Sources of ammonia divided into naturally and anthropogenically induced.
Numbers are global emission according to Dentener and Crutzen (1994} in [Tg N yr'|

importance | natural sources anthropogenic sources global
of source emission
[TgNyr']
major: - animal wastes 22.0
of which
. cattle 142
. pigs 2.8
. horses/mules/asses 1.2
. sheep/goats 25
. poultry 1.3
- fertilisers 6.4
- industrial activities /A
minor: - natural sotls and - ¢oal combustion 2.0
vegelation (5.1)
- wild animals {2.5) | - human respiration N/A
- ocean (7.0) - sewage sludge N/A
- cats and dogs N/A

In contrast to NH; the concentration of NH," aerosol was found to show much less spacial and temporal
variablity throughout the study of Allen ef af. (1988). This can be explained by NH," undergoing

mainly long-range transport mechanisms and being produced as a secondary pollutant.

1.3 DEPOSITION PATHS OF AMMONIA
As for any trace gases, the mechanisms for removal of NH; from the atmosphere are:
1. Wet deposition

NHj is dissolved in rain, snow and fog droplets and removed by precipitation.

3

Dy deposition

Pollutant gases can be absorbed by canopy, soil and water surfaces and thus be depleted near the
ground. As higher parts of the atmosphere can often be regarded as a infinite reservoir of the tracer,
a concentration gradient forms leading to a flux. The ratc of the flux is gaverned by the magnitude
of the gradient, atmospheric turbulence, atmospheric stability and the {molecular or Brownian)
diffusivity of the tracer. Whereas for some gases (HNO,, HCl) any canopy is thought to act as a

perfect sink {(e.g. Huebert er al., 1988) there can be a considerable concentration of NH; in the plant
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4 The quantitative effect of gas-to-particle conversion on ammonia fluxes

stomata, limiting the NH; gradient or even leading to counter gradients, i.c. emission, if it exceeds

the air concentration. Thus the surface atmosphere exchange of NH; is bi-directional.

3. Chemical conversion processes

Reaction with atmospheric acids can lead to formation of aercsol, which, depending on the relative
humidity, can be found in either a solid or aqueous state, and contri..bute to the removal of gaseous
ammonia. The mechanisms and thus the rate of dry deposition, described by the depositidn velocity
(Vy) for aerosols difter significantly from those of gases (see section 2.6.5). Hence gas-tp-particle-
conversion can alter the raic of atmosphete surface exchange as discussed in more defail in the

following section.

1.4 THE INFLUENCE OF GAS-TO-PARTICLE CONVERSION ON THE NET EXCHANGE OF
AMMONIA: MOTIVATION FOR THIS WORK

Direct measurements of pollutant fluxes at one height require high frequency detectors (séee section
2.5.1), which are not yet available for NH;. Instead, gradient methods are frequently used to derive the
flux from the concentration gradient in the atmosphere. They are based on the assumption that a layer,
in which the fluxes are independent of height (the constant flux layer, CFL), forms above a homogenous
surface. This assumption requires homogeneity of the area and the absence of advection; but it is also
essential that there are no sources or sinks within the atmosphere. The latter requirement is fulfilled for

heat and non-reactive entities but is violated if chemical conversion processes occur.

Ammonia forms equilibria with HCI and HNO, forming ammonium salts and can also be depleted by
the irreversibie reaction with H,8O,. Ammonia, gaseous acids and ammonium aerosols obey different
deposition mechanisms and are hence differently quickly removed from the atmosphere. The difference
in the deposition velocity results in deviations from the chemical equilibrium given by the concentration
product of NH; and HNO4 {or HCI) and the concentration of NH,NO; (or NHLC1). Dis-equilibrium then
leads to non-conserved fluxes. The magnitude of the flux divergence depends on the reaci:tion rates
governed by the concentrations themselves as well as temperature and humidity. For NH; the true flux
can, strictly speaking, not be evaluated by gradient methods without correcting for the influence of gas-
to-particle conversion (GPC). However, so far the effect of GPC has Jargely been conpidered as
negligible and consequently been ignored. F%igure 2 illustrates an example of NHy emijsion with
formation of NH;NQO; aerosol close to the gr?ound. The high NH; emission leads to a concentration
product of the gases, [NH;]x[HNOs], which is bigger than the equilibrium product determined by the
NH,NO; concentration, temperature and relative humidity. As the NH; concentration and possibly the
ralative humidity decrease with height the dis-equilibrium becomes smaller. In this expmple the

application of gradient techniques would not derive the surface/atmosphere exchange but dn average

value for the height dependent flux over the height range of the measurements. Thus the trup emission

flux would be underestimared. '
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Figure 2. Schematic outline of the principle of gas-to-particle comversion. In this
example emission of NH, in the presence of a considerable HNO, concentration leads to
formation of NH," aerosol which is highest at the ground.

A variety of measurements carried out by different authors have shown features which cangot be
explained by constant flux micrometeorology and indicate that the effect of gas-to-particle conversion
can, under certain conditions, indeed be substantial, Zhang er al. (1993) found upward fluxes of HNO;,
of up to 0.4 pg m” s! whereas theory predicts deposition, and explain it with height dependent
depletion through the high NH; conceniration of about 10 pg m™. Sutton (unpublished data, see section
4.3) found emission of particulate NH," of up to 60 ng m? s during a field campaign in Halvergate in
September 19858, Hucbert et al. (1988) also report apparent emission of HNQO; and higher deposition
rates of NHy". Brost and Delany (1988) were able to qualitatively simulate these features in a numerical

model taking chemical conversions into account.

Some medels have been written for modelling the equilibrium reaction between HNQ;, NH; and
NH4NO;, but neither has the reaction of NH; with HCI or humidity effects been included in the models,
not have the model predictions been thoroughly compared to experimental data. A variety of
approaches to calculate the similar photochemical reaction cycle of NQ,, NO and O, exist showing that
measurcd [fuxes might have to be corrected by up to 20% (Coe, 1993). Because of the similarily to the
nitrate triad these models can easily be adopted for the chemistty of NH;. The accuracy of models
dealing with the chemistry of NH, appeared to be limited by insufficient knowledge of the reaction
kinetics but according to Kramm and Dlugi {1994) NH; fluxes could be overestimated by several 100%
if the reaction rates are assumed to be very high, while they also found that sign changes of the true NH;

[lux can oceur.
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6 The quantitative effect of gas-to-particle conversion on ammonia fluxes

The reported measurements and first model results of other authors show that situations occdr in which
the effect of GPC on NH; flux measurements cannot be neglected. The effect on the flux mcziisurements
might lead to considerable error in the net exchange of NHs with ecosystems, Beside the effect on
measurements, GPC 1s also likely to effect the physical exchange processes themselves. For example,
evaporation of particulate NH,” into fast depositing gaseous NEH; would potentially enhande the total
deposition of reduced nitrogen in highly polluted areas. This would obviously have |important
consequences for the exceedance of critical loads of nitrogen. If, on the other hand, NH; is |emitted in
the presence of a high background concentmtibn of HNO;, acrosol formation can deplete NH; near the

surface resulting in bigger gradients and increaged NH, emission.

1.5 AIM AND STRUCTURE OF THE REPORT

The aim of this work is to compare the predictions of different NH; chemistry models to medsured data
and 1o establish requirements for both further input data and necessary model changes. Field Eampaigns
are to be set up focusing on obtaining suitable and representative data which can be feﬁ into the
moditied models. Here a first emphasis has to be put on the examination of the reaction kinétics. After
the models have been improved the net effect of GPC on ammonia exchange under different
micrometearological situations and the true surface fluxes are to be estimated so that instructions for the
correction of flux measurements by gradient methods can be formulated. As a last step the resulis
obtained shall be used for overlaying maps of NH, deposition data with concentration maps of the other

relevant chemical species in order to estimate the effect of GPC on the NH; budget for the UK.

As the reaction kinetics are closely linked to the chemistry and physics of NH,* aerosol, investigations

in the transpont, formation, coagulation and evaporation processes of aerosol have 1o be carried out.

This report presents the state of the work afier eleven months time, It starts with an overview over the
micrometeoroiogical background of flux measurements (chapter 2), which is kept relatively
comprehensive reflecting the variety of techniques used throughout the work. However, as it does not
exceed common theory, it is meant as a reference for the following chapters and future whork of the
author himself rather than as a substantial part of the work itself. Tt can thus be skipped by |the reader
without effecting the undersianding of subsequent chapters as necessary cross-references on

micrometeorological equations will be given,

Chapter | 3, -
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The quantitative effect of gas-to-particle conversion on ammonia fluxes 7

The chemistry of ammonia and ammonium aerosol” recapitulates work carried out by former authors on

the reaction kinetics of NH;.

The next chapter (chapter 4) gives a summary of existing models for the calculation concentration and
flux profiles of the nitrate triad HNO;, NH3 and NH4NO; and the NO, triad, NO,, NO and O,,. These

models have here been re-decoded and extended by methods to
a) simultancously deal with the nitrate and chloride triad,
b) extrapolate profiles calculated between two input heights down to the surtace, z,,

c¢) calculate the height dependent cquilibrium constants as functions of the temperature and relative

humidtiy so that gradients in temperature and relative humidity can be accounted for.

The first findings of applying these models to measured data are given followed by a brief discussion on

further data requirements.

Chapter 5 deals with common techniques to measure the concentration of NHs and other tracers and
shows how expenence was gained in these techniques. The preliminary findings of a field campaign
(EXAMINE ‘95) are then reported (chapter 6) showing results of NH; gradients both above and within

the canopy as well as panticle fluxes.

The report fimshes off {chapter 7) by outlining plans and perspectives for further modelling and

measuring aclivities.
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2. MICROMETEGROLOGICAL THEORY

2.1 THE STRUCTURE OF THE ATMOSPHERIC BOUNDARY LAYER

The boundary layer is defined as the region of the (roposphere closest to the earth surface where
atmospheric motion is influenced by friction effects. Up to a height of 50-100 m, depending on the
surface properties and the stability conditions, air flows are mainly determined by friction and
temperature gradients (surface layer). Here shear stress and heat fluxes are nearly constant with height.
[n the upper part of the boundary layer, the Ekman layer, the flow is increasingly influenced by the
coriolis force. Transport processes between the surface layer and the surface itself take place through a
very shallow {depth of less than | mm) laminar {or viscous) sub-layer which encloses all surface
elements. Whereas here the transpert mechanism is due to molecular or Brownian diffusion, mixing and
advective effects of differently sized circular motions, eddies, play the major role within the boundary

layer.

As the wind passes over a homogenious surface a layer forms above the ground in which the fluxes are
expected to be in equilibrium with the surface and constant with height. The thickness of this constant
flux layer depends largely on the fetch, ie. the distance from the closest upwind inhomogeneity.
Monteith and Unsworth (1990) state the rule that fluxes of heat and chemically inert entrained
propertics are sufficiently constant within the boundary layer up to a heighi of 0.5 % to 1 % of the fetch,
e.g. for measurements up to I m an upwind fetch of 100 m, better 203 m, is required. It 1s within this
constant flux layer that flux measurements can be carried out as the measured flux s expected te equal

the surface flux,

From cmpirical results it is known that the increase in mean horizontal wind speed, u, with height is

inversely proportional to the height, z, itself:

ou |
—a?'x‘z“ eq 1

Obviously, integration of this equation leads to a logarithmic wind profile. Under neutral conditions
(u'=w'} the facter of proportionality is found to equal a characteristic velocity, the friction velocity u.,

divided by an empirical constant, known as the von Karman constant (k=0.41).

Considering the roughness aof a surface containing roughness elements of the mean height, h, the
relationship in equation 1 breaks down near the surface. However, the wind profile can be extrapoiated
to the ground and a virwal height, z,, can be found at which the wind speed is expected to equal zero.
This height is called roughness length and is of the order /s to /30 h. A further correction needs to be
done as to account for the aimospheric stability. In stable condition (negative temperature gradient)
vertical mixing and transport of momentum is diminished which leads to a tlattened wind profile (w'<u")
whereas in unstable conditions (strongly positive temperature gradient) the eddies are verlically
'stretched” (w'>u') and steepen the wind profile. The expreysion for the wind speed has to be multiplied

by a dimensionless stability function, My, for the transfer of momentum, which is greater or less than
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10 The quantitative effect of gas-to-particle conversion on ammpnia fluxes

unity for stable or unstable conditions, respectively, However, even in neutral conditions the plot of
wind speed against the logarithm of height would not lead to a straight line as far as measurefents over
plant canopices are concerned. A zero plane displacement level (d) of the flow above ground|which is a
major fraction of plant height (h) (often assumed te be 2/3 h or 3/4 h) must be introduced ylelding the

relationship:

du _ wd, u

= = eq 2
oz x(z-d) I d

[ can be identified with the mean eddy size or mixing length and is roughly proporticnal to-the height
above d, i.e. z-d. Equation 3 gives the solution for this differential equation considering the stability
function as independent of height. As this is only an approximation the exact integration will'be carried

out in section 2.5.2.1.

z-d
%y

- u.
u(z)=—In b, .z-d>z, eq 3
K

2.2 ATMOSPHERIC STABILITY

Atmospheric stability describes the thermal swatification of the atmosphere. As an air parcel is
displaced adiabatically up or downwards its density changes. Depending on whether it becomes lighter
or heavier than the surrounding air it either experiences a restoring force or the perturbation is

supported.

In order to quanitify the stability conditions it is necessary 1o parameterize the stability. One measure
for the degree of stability or instabilily is the Richardson number, Ri. It describes the ratio of the gain in
kinetic energy an air parcel experiences when it follows one cycle of the mean eddy motion of the
length, 1, KE,, and its initial kinetic energy, KE, The detailed derivation can be found in Garrant
(1992).

__ KE, goT(auY"
R = oo 22
D= g T [az] wat

where g is the acceleration due to gravity and T the absclute temperature in degrees Kelvin. Ri is
positive in stable, equals zero in neutral and is negative in unstable conditions. It changes with height

(as the eddy size) and is for any given situation roughly proportional to height.

Another parameter which is often used is the Monin-Obukhov stability length, L. L describes! the height
at which buoyancy contributes more to the gain in turbulent kinetic energy an air parcel experiences
than the wind shear. Since the influence of the shear is more sensitive to height than budyancy this

threshold can always be found. If buoyancy counteracts an upward motion this length is negative (stable
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The quantitative effect of gas-to-particle conversion on ammonia fluxes 11

condition}, in unstable condition it is positive. L is infinite and changes sign in the case of atmospheric

neutrality. Garrant (1992) derives L as:

3
ut
L=- cq S

x(e/TYHpe,)

where H is the sensible heal flux (positive, if upwards), ¢, the specific heat capacity of air at constant
pressure and p the density of air, L has the dimension of length and in contrast to Ri it remains constant

with height.

2.3 DEFINITION OF FLUXES ACCORDING TO THE VARIANCE THEORY

Eddies lead to disordered and random fluctuations of wind speed, temperature, concentrations and other
quantities. These can be divided into an averaged and a fluctuating component as might be shown for

the horizontal wind speed: u = ; + u’ (Reynolds decomposition).

Using this concept the following scaling parameter of an entity can be defined by the co-variance of the

entity with the vertical wind speed component:

u(]‘v,f
i, =— eq 6
uﬁ
r r
w
Xe—=— ux eq7
Y
w'0
0, =- - eq 8
Ha

Where w' and ' are the fluctuation of vertical velocity and conceniration of a pollutant, respectively.
8., is the fluctuating component of the virtual potential temperature, i.c. the temperature an air parcel
would have if it was adiabatically transferred to a standard pressure of 1000 hPa and dried. u. is called
eddy velocity and is a measure for how fast borizontal momentum is transferred vertically onto ithe
surface. The vertical fluxes of momentum (or shear stress per horizontal unit area), T, sensible and latent

heat (H and AE) and maiter of concentration x (Fx) are defined as:

T=—puw eq 9

H=pc, w8’ eq 10
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12 The quantitative cffect of gas-to-particle conversion on ammonia fluxes
AE =Aw’e’ eqli
EL =wy’ eq 12

respectively. Here A is the latent heat of evaperation of water, ¢, is the specific heat capacily of air at
constant pressure and 8' and e’ are the variations of potential temperature and water vapoul pressure,
respectivety. Time averaging of equation 9 and substituting in the definition of the eddy velocity

{equation 6) leads to a further expression for the shear stress T:

’E:pu*u* eq 13

Equivalent expressions can be obtained for the other fluxes.

2.4 DEFINITION OF FLUXES ACCORDING TO GRADIENT METHODS - THE CONSTANT
FLUX ASSUMPTION -

As mentioned before a layer forms over a homogeneous surface in which the flux of heat and unreactive
entrained entities is assumed 1o be constant with height. As the process of wrbulent transport resembles
that of Brownian diffusion (see Monteith and Unsworth, 1990) Fix's law can be applied replacing the
Brownian diffusivity, D, by an eddy diffusivity, K,, and the flux at a fixed height assumed to be
proportional and opposite to the concentration gradient. Unlike D, K, itself is a function of height. The

following equation are the analogues to the flux equations of the covariance method (equations 9 1o 12),

T :—pKME;—z eq 14
H:—pcpKHg—j eq 13
kE=—?\.K£%§ | eq 16
F, =-K, %25:- eq 17

Here the K; represent the eddy diffusivities of momentum, latent and sensible heat and matteﬁ. Although
scaling parameters like p in equation 14 have been taken out of the gradient the validity of their
independence of height needs to be checked for the individual situation. Heavy, slow depositing
particles may build up a density gradient at teast. A more detailed analysis of the occurring forces for

the deposition of matter would lead to:
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F, =-(K, +Dz)%+vhx cq 18

as Brownian diffusion and gravitational settling, with the settling velocity v, take place at the samc
time. Whereas the molecular diffusivity, Dy, is always several orders of magnitude smaller than K, the
drag force leading to a terminal settling velocity, vy, cannot be neglected for heavy particles (sec sectiou

2.6.5).

Equation 3 can be transformed to vield a gradient expression for us:

K(z—d) du
D, oz’

eq 19

this expression should be expected to be consistent with the definition of u« as the root of the co-
variance of vertical and horizontal wind component (equation 6). If an air parcel is lifted by an eddy by
the height 2' it experiences a change in wind speed given by the change in the overall background wind

profile as:

a‘_au r

Ww=—z
oz

eg 20
If there are no other external forces the vertical fluctuation w' is proportional to the horizontal v’ with a
factor of proportionality depending on the stability class (w'=cu’). Thus w' can be substituted in equation
20 to yield
_ 194 ,
w=¢cl—{z eq 2l

dz

Substitution of v’ and W’ into equation 6 leads to

i :VW:‘UCZ’E? cq 22
Z

2 . . . . . . . f
Here ¢ 7”° is the variance of the vertical air parcel displacement and can thus be identitied with 1%, the
square of the mixing length, introduced in equation 1; the expressions of us are consistent, Combining
the gradient and the co-variance expressions for T (equations 13 and 14) an expression for the eddy

diffusivity of momentum, Ky, can be obtained:

_k*z—d) QZK(Z,"G’)R.

K
M o3, 9z D,

eq 23
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2.5 FLUX MEASUREMENT TECHNIQUES

2.5.1 Eddy correlation method

The eddy correlation method makes direct use of the co-variance approach (equations 9 to 12) by
measuring instantaneous concentrations, temperature and wind speed. This technigue iis simple,
potentially accurate, as it lacks any empiricism, and measures the true flux at a single defiged height.
But in order to achieve reliable results even hijgh frequency eddies need to be sampled so that a short
sampling time becomes crucial; while the highest resolvable frequency equals half of the sampling
frequency. A variety of instruments for measuring wind components and temperature, ultrasonic
anemometers, with a sufficient sampling rate of more than the required 5-10 Hz are available.
Furthermore, equipment has been developed to measure the instantaneous concentration of some
poltlutants (NO,, O3, CO, or CHy} at a sufficiently high time resolution. Attempts have been made to
measure NH; concentrations using tuneable diode lasers {TDLs) which can be operated at high
sampling rates, but have shown that it is a) difficult to generate precise air standards and that b) the
spectral absorption of NH; is weak resulting in a detection limit as high as 1 ug m’. The detéction time
of more sensitive techniques is still too long so that this pollutant cannot yet be measured by the eddy
correlation method. This leads to major restrictions of data acquisition for the assessmept of GPC
models. The flux measuring method, which is generally used instead, i.e. the aerodynam!ic gradient
methad, is, strictly speaking, not applicable if GPC takes place and derives the flux at only one height,
whereas the numerical models calculate the flux as a function of height. Hence ammonia flux

divergence is difficult to measure and model results are difficult to compare to field data.

During the work carried out so far the eddy correlation method was used to measure the sizei dependent

deposition fluxes of aerosols with optical particle counters.

2.5.1.1 Relaxed eddy accumulation method

The eddy accumulation method is a relatively new technique which combines the advantage of the eddy
correlation method, ie. t0 measure the flux at a single height, with the advantages of gradient
techniques, i.e. 1o allow for long detection times. A sonic anemometer is used to switch high speed
valves so that air can be conditionally sampled into two different reservoirs depending on the!si gn of the
fluctuation of the vertical wind component. The air collected in the reservoirs can subsequently be

;analysed by any method. Recent studies havel shown the flux to be proportional to the product of the

standard deviation of the vertical wind speed (¢,) and the concentration difference in the two

reServoIrs:

szﬁszo‘,(x‘*~x‘) eq24

UMIST transfer report - Eiko Nemitz ‘




The quantitative effect of gas-to-particle conversion on ammonia fluxes 15

where " and ¥ are the concentrations measured during up and downdrafts, respectively. by is an

empirical constant which is currently assumed to be close to 0.6 (Businger and Oncley, 1990) bul seems

to decrease with height (Gao, 1995).

2.5.1.2 Other related methods

Other methods of flux measurements exist, which arc based on the measurement of instantaneous values

of the property under consideration. Here three of them shall be brietly described as they provide a

means of checking the coherence of the resuits obtained by the eddy correlation metheod itself:

1.

3

The standard deviation method makes use of the fact that for. all entities undergoing the same
vertical transport mechanism the correlation with wind speed should be the same. This is considered
true for heat and entrained gases as discussed in chapter 2.5.2.1. If Ryy and R, are the correlation
coefficients of heat and matter with wind speed, respectively, it follows that one flux can be

obtained from the other using the standard deviations by
S«
|F,| = —%|F,| eq 25
Cy

The normalised standard deviation method relates the tlux of an entrained property to its standard
deviation and the eddy velocity, i.c. the flux and standard deviation of the momentum, and requires

the state of stability. The relationship is given by

|Fx|:0'xu*f[z—}_’£) eq 26

where

flg)y=185  forg=>-0.31

27
flc)y=-125 forg<-0.31 eq

Here the stability is expressed by the Monin-Obukhov-Length (L) and the stability parameter (g =
{z-d) L") as defined in chapter 2.5.2.1. .

The correlation coefficient method is also bascd on the hypothesis that in the surface layer the
correlation coefficients are cqual whatever the parameter considered. The correlation coefficient of
an entrained property with the vertical wind component (R,,) only depends on the stability class
varying from 0.3 in stable conditions to 0.6 in the highly unstable atmosphere. it also can be

deduced trom L.

‘Fx‘:‘Rw

0.0, eq 23
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2.5.1.3 Corrections required for the Ieddy correlation method

1

Misalignment of the sonic anemometer

Deviation of the sonic anemometer measuring the fluctuation of the vertical wind compdnent from
the vertical results in a non-zerc mean vertical wind speed and a contribution of the flu¢tuation of
the horizontal wind components to the measurement. Assuming the true vertical mean wind speed to
be zero, an assumption which becomes incarrect when strong density gradients occur (see point 2),
the misalignment can be corrected for applying a rotation of the co-ordinates, which is given by

Neumann and den Hartog (1985} as

F = w’x’—??)cosﬂ— u’x’—;’?)sine COoSV — v’x’—v_’?)éine sinv

v
V= arctan[—_-]; 0 = arctan =
U : u-+vy

| ‘
Density gradients:

However, w can be nonzero as a consequence of density gradients due to heat or water vapour

fluxes. Webb er al. (1980) give the correction as

JPaf vE | H

F=F —
p,\l+uc ¢, T

W

eq 29

where p,, P, are the densities of the tracer and dry air, respectively, it identifies the Jatio of the
molecular weight of dry air to that of water vapour and ¢ the ratio of the densities of wéter vapour
and air. This correction has 10 be applied if mass fluxes and not volume mixing ratio fluxes are
calculated and becomes more significant the smalier the flux and the bigger the concentration of a
tracer. This correction is not limited to eddy correlation. Whereas Sution (19%0) cstimatﬂf the effect

on NH; gradient measurements to be small, as NHj, is a relatively light gas forming large gradients,

it can become significant for fluxes of particles, which are heavy and deposit slowly.

Signal loss due to sensor response times

High sensor responsc times and low sampling frequencies might lead to fast eddieq not being
resolved. This effect becomes particularly important when fluxes are measured close to'the canopy
where the mean eddy size is small {see equation 1 and Figure 25) so that fast fluctuations
significantly coniribute to the total flux. In this case the flux can be underestimated if the measuring

instrument acts as a low pass or an additional low pass is used. Otherwise, unresolved [frequencies

are folded back and detected as an appafent increased contribution of the highest still resolvable

|
frequencies (aliasing). Whereas the first effect can be corrected for, the influence of the latter cannot
be estimated afterwards. Fourier data series analysis is required as to compare power spectra and co-

spectra of vertical wind component and tracer under consideration against spectra of fluyes assumed
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o be sampled at a sufficiently high frequency, ie. the heaiflux, and to correct for sensor

deficiencies,
4. Contamination by low frequency noise:

Aliasing can also occur at the low frequency end of the spectrum. Power spectra, of particle fluxes
measurements in particular, show high contributions of low frequencies which do not refer to eddies
contributing to vertical transport but horizontal transport mechantsms (e.g. gravity waves}. Again
these artefacts have to be estimated by time series analysis and high pass filtering might have to be
applied. Lamaud ef al. (1994) found frequencies of up to 0.01 Hz to be associated with horizontal

particie [Tuxes and filtering corrected their flux measurements by aboul 50%.

2.5.2 Gradient methods

2.5.2.1 The aerodynamic gradient method

The aerodynamic gradient method makes use of the fluxe-gradient refationship given by equations 14 to
17. Once the stability correction has been found according to equation 23 the flux can be calculated
from concentration gradient measurements. However, as concentration gradient and eddy diffusivity are
non-linear functions of height many measuring points would be necessary to obtain a sufficiently

accurate result. It is therefore desirable to reduce the problem to log-linear gradients:

Analogously to momentum a stability correction function, @, , for matter can be defined and a gradient

expression for the other scaling parameter, e.g. x. {equation 7), can be obtained:;

= .K__{. - ._d) HaZ: eq 30
$, oz

%

These expressions ullow to formulate the flux in analogy to the eddy correlation method, but using eddy

parameters which can be found from geadient measurements:
F,o =y €q 31

The gradient expressions for the scaling parameters can be integrated and thus transformed into log-
linear expressions. If we consider the stability function (@) to be height independent, for u. cquation 3

is re-obtained whereas y(z) can be derived as:

td

L, | 2—-d

in @ eq 32
K

x(2) =

H

Here z, is the notional height at which the concentration would be expected to be zero. Integration of

equations 3 and 32 wrt. In{z-d) rather than z results in:
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|
du  _ u @
din{z-d} « "
a’,‘( y &g 33

— =29
dln{z-d} x "

Substituting the eddy parameters into the flux equation 31 gives an expression for the flux|containing

gradients of log-linear plots:

du & ]
F: =2 ) ! .
, =K 31H{Z"d}81n{z“d}( w@Pu) . eq. 34

The term f=(Dy ) is called the stability factor (Thom, 1975).

Stability correction and integration

The stability function needs to be related eitilcr to the Richardson’s number or the Monirl-Obukhow
Length. Like the flux the Richardson’s aumber can be expressed in terms of log-linear sléjpes rather
than slopes of curves. To achieve this the gradients im equation 4 are to be replaced by the eddy
parameters using the appropriate equations of the form of equation 23. The introduced edd):f parameter

can again be substituted by the log-linear expriessions {equation 33), |

_ 2
o z-d T du
Ri(z) = 2 aln(z_d)(éaln(z—d)J

eq 35

Here the effect of atmospheric stability has been neglected. Experiments have shown that in good

approximaticn:

Q,=0,=0, =0, fbrsrable ‘

eq 36
b, =P, =0 =0, forunstable a
conditions (Businger, 1966). J.
Consequently, the same equalities and incquélities apply to the eddy diffusivities. As the finctions for

all entrained entities and heat seem to be the same, only the index H is used throughout the rest of the
text. Since the common transport mechanism is a fundamental presumption for the applicability of the

aimospheric gradient method this technique ig also called similarity theory. ‘

Replacing the gradients in equation 4 by both the combination of equations 23 and 15 and equation 22

feads to an expression of Ri in terms of the stability functions:

Ri(z):_K_iz___d_?ﬂ_ ‘

g
eq 37
T pe, u @
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so that by comparisen with equation 3 a relationship between Ri and L can be obtained:

. z—-d ® $
Ri(z)= 4o 2n
I cDif G q);f eq 33

where {=(z-d)/L is called the rurbulent stability parameter. Aithough other semi-empirical expressions
for the stability functions exist throughout the literature (e.g. Panofsky ef a/., 1960) here the suggestion
by Dyer and Hicks (1970), which was strongly supported by Paulson (1970) and has often been used

since, 1s applied in unstable conditions. For stable conditions the method by Webb (1970) was chosen:

®, =0,=(1+525) for stable,

2 . -1y2 . eq 39

@, =0, =(1- iég) for unstable
conditions. These equations show that the stability correction is indeed a function of height and that
therefore the treatment as a constant during the integration of the wind profile can only be regarded as a
first approximation. The following expressions for the turbulent stability paramester and the relationship

between Ri and L can obtained:

z—~d  Ri
L 1-52Ri

¢= for stable
eq 40

= % =Ri for unstable

conditions.

Although most authors seem (o use the functions in relatonship to the height dependent Richardson
number the constant Monin-Obukhov stability length appears to be the more practical quantity (Sutton,

1990).

In the stable case the integration over the height independent stability function is straightforward:

- 2 I
du=——= & dr=—-"-(1+52¢ )z
- " K(Z—d)( <M

u(Z_‘J:“’ r (___l +§-'g- z’:u' In 2—d +5.2¢
K vwrdlz~d L X Zy

This result might be re-arranged s to show that the correction results in re-scaling of the height axis

eqél

(note that the last term is constant for a given micrometeorological situation);

(2) = 2 In(z - d) +5.2¢]-—1n(z,)
b * for stable conditions eq 42

Xy e
x(2)=2 [In(z—d)+5.2¢] - In(z;)
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where z', indicates the notional height, at which the log-linear plot of the concentration meetJ the height
axis, i.e. the mean height, at which the tracer ¥ is absorbed. Panofsky (1963) was the first to éuggcsi the
introduction of integrated stability functions, '¥,, and ¥y, in the unstable sitnation because the integral

cannot be solved analytically. These functions are defined by
v = _M(_Q_)a .
M (g) = 5 eq 43

and thus the integration can partially be catried out to obtain

wz) =2 1;{"' - d}— ¥, ()
K Z

4]

= % [111(2 - d) - ‘PM CQ )] - %— ln(ZG) for unstable conditions ‘ eq 44
10 = £ - - #, 0] £ iz

Dyer and Hicks (1970) calculated and tabulated distinct values of the integrated stability funlbtion based
on measurement data and showed that this approach was valid up to an stability of Ri{l m) = 1 which
covers most of the environmental situations. In addition, Paulson (1970) provided' analytical

expressions of the form

[+x 1+ x* - n |
‘PM(Q):"’In[—z—)Hn{ 5 J-Ztan I{X)'I"E }
14 x?
‘}'H(g)zzln( 2"J eq 45

with x=(1-16Y4 |

Practical considerations:

Equipped with the basic theoreticat concept of the aerodynamic gradient methed, it seems. sensible to

summarise a recipe how to proceed step by step:

1. The wind profile is to be measured under neutral conditions in order to obtain thrJ Zero p]gin
displacement, d. This is done by plotiing U verss In(z-8} where § is to be varied until the ptot
approaches a straight line. (The curvature of the plot is positive if d is chosen too small, negative if
the d used is too large.) This can be dong either by best fit algorithms or by eyesight. T e neutrality
prevents that instability influences bend Ithe plot at the same time. For simplicity reaso:Is d must be

assumed not to change with stability class although this is not completely correct,

2. 2 can be obtained as the distance of the intersection of the interpolated log-linear graph of the

wind speed with the height axis from d
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3. A problem arises as Ri is to be caleulated from the slopes of temperaturc and wind speed whereas
the slopes need to be corrected according to the stability using Ri. This dilemma can be overcome
using an iterative algorithm. However, neglecting stability effects for the calculation of Ri as a
second order correction, the slopes of the graphs dT/dIn(z-d) and du/din(z-d) are expected to give a
value at a refcrence height, z, (e.g. Lm), that is accurate enough if the linear regression uses an

equal number of measuring points below and above z,.

4. Now the approxtmate Ri(z,-d) can be calculated using equation 38 and thus the constant L

according to equation 40,

5. For non-neutral conditions the values of the integrated stability functions are now obtainable and

sa are the values of the stability functions themselves.

6. The eddy parameter u» and x. and thus the flux can now be calculated.

2.5.2.2 The energy balance method

The energy balance or bowen ratio method makes use of the conservation of the incoming heat flux.

The energy balance at the ground surface is given by (Monteith and Unsworth, 1990):

R =H+AE+D+G+J+pA eq 46

Here the vertical net radiation R,, is divided into the

H: vertical seasible heat flux,

AE:  vertical latent heat flux,

D: net rate of energy which is removed horizontally by advection,
G heat flux into the ground,

I storage of energy in the ground and

uA:  biochemical storage of energy.
All flux rates are regarded as positive if directed upwards and are of the dimension W m?

In daytime conditions the vertical fluxes are the dominant terms in equation 47 so that the energy

balance is given by:
R -G=H+ AE eq 47

In terms of a gradient method the sengible and latent heat flux are given by the equations 15 and 6,

respectively, Combination leads to

ar . d
R, —-G:—Kn(pcpgg+?\.a—§] 0q 48
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Thus, measuring the gradients of tempcraturé and water vapour contents, the eddy diffusiJ/ity can be
found from the net radiation and the soil heat flux and then used in equation 17 to calculate the flux.
The bowen ratio method is to be favoured over the aerodynamic gradient method if the wind speed is
too small te allow rcasonable measurements of the wind profile or if large stahility corrécti: ns have (o
be applied. On the other hand it leads to poor results when the heat flux is small, e.g. du:rinj) night time

conditions. Therefore il does not allow diurnal measurements.

It is convenient to introduce the ratio of sensible to latent heat flux as the bowen ratio f=H/AE, Given

the equality of Ky and K,z as discussed above it follows that: |

_pe, T

P= %

eq 49

2.5.2.3 The mass balance method

‘Mass balance methods (Denmead, 1983, 1995) can be applied to measure plumes downwind of high

emission areas of an extension of the order of 10 m. They derive the vertical emission flux from
measurements of the horizontal flux across a vertical plane. From the law of mass conservation the flux

into the atmosphere is given by

Fe = ﬂf WD, ()~ 2 (D2

I e '
== {u@ %, @ - @ 7, @ + v (D%, () e

X

eq 50

where x represents the width of the emission region along the horizontal mean wind direction and z

denotes the upper boundary of the emission cloud. y, and 7, are the concentration of the tracer

downwind and the background concentration upwind of the emissicn area, respectively. Here the
fluctuation of the background concenirations (¥,') vanishes by definition. Whereas it is easji to measure
the mean wind speed and mean concentration with height the last, co-variance, term need not be
measured but can be corrected for assuming it accounts for about 15 % of the contectivc flux
(Denmead, 1995). Thus the mass balance method requires the measurement of mean wind speed and
mean concentration of the entrained property under consideration up (o a height where the
concentrarions are not modified by the emission patch anymore, which is assumed to be about z = 0.1 x
but depends strongly on the thermal stability, This method does not require such an extensive
homogeneous surface and atmospheric conditien as gradient metheds, nor does the gas concentration
need to be measured that accurately. However, in return it does not represent the exchange with a large

aren and its use is restricted to the measurements of emissions from spacially limited sources.
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2.5.3 Chamber and throughfall measurements

The restriction of the representaiion of a small rather than a large area applies even suonger w gas
chamber measurements which in addition are understood to modify the ecosystem and its
meteorological conditions. A small surface arca is enclosed by a chamber through which air is drawn.
Measuring the ammonia concentrations of the air entering and leaving the chamber the atmosphere
surface exchange can be calculated. Chamber measurements can be used to estimate the contribution of
spatially smail sources or to measure the exchange at the ground below the plant canopy The
magnitude of dry deposition can also be estimated by the difference of measured total and wet

deposition.
2.6 THE RESISTANCE ANALOGUE OF POLLUTANT EXCHANGE

In order to parameterise the atmosphere surface exchange and to examine fluxes within the plant
community it 18 convenient to iniroduce atmospheric resistances. In analogy to the electric resistance,
which is defined as the potential drop (V=) divided by the current (I}, the diffusive resistance for

momentum (Ry) can generally be defined as the concentration ditference divided by the flux:

Ref =

=12 tL eq 31

Kﬂq)Z_(‘pl
! I

%(Zl)" X(Zz)
T

Ry(z,,2,) = eq 52

The dimensions of Ry are s m’' thus it is the inverse of a characteristic velocity, called the deposition
velocity (Vy), which is proportional to u, the factor of propertionality being the momenwum transfer
coefficient (CM)'. Cyu denotes the overall effectiveness with which vertically distributed elements of the
community extract momenturm, In addition to this Thom (1975) shows that Ry can also be written as the

integral over the reciprocal of the eddy diffusivity between the heights.

1 l 3 =1 *
== =K, (z) dz eq 33
v, (2)  Wz2)C, j !

‘RM (Z‘ Zn) = RM (Z) =

Ry, is also given by the ratio of the mass flux of an incoming incident flow ( Pu ) and the drag force per
unit area (F A”'Y or shear stress, which can be identified with the vertical momentum flux, 1, if the area
is taken as horizontal. T on the other hand can be substituted by the expression of equation 23. Thus the

following dependencies are obtained:

A - - . In (z—d)fzo :
RM (Z) = pu(z)}—: pL;(Z) = u{(‘;) :( [ K2;(7) ])

eq 54
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{t foliows that R, is smafler with rougher surfaces (high zo) and large wind speeds, u.

A similar approach can be used for heat and entrained properties. Since they are not deposittiat 2, but
have to penetrate the viscous sub-layer, additional resistances describing this diffusive procgss and the
exchange with the canopy itself have to be added. The total effective diffusion resistance K, is usually
divided into three independent resistances in series, i.e. the aerodynamic resistance (R,), the laminar
baundary layer resistance (Ry}, and the canopy resistance (R.). The deposition velocity at a given height

z is given by the reciprocal of R(z) and, if the concentration at the surface can be assumed|to be zero,

by the flux divided by the concentration at héight z. A minus sign has to be introduced ag| the flux is

taken as positive for emission.

B YU R N
U R{z2) RAD+TR R, 3@

eq 35

From this equation in becomes obvious that the introduction of the concept of a deposition velocity and
atmospheric resistances is only sensible if the flux remains constant with height. Thus this concept

cannot be used for the analysis of gas-to-pariicie conversion processes,

2.6.1 The aerodynamic resistance

Like the atimospheric resistance for momenturn, Ry, the aerodynamic resistance, R, describes the rate of
transport by turbulent diffusion within the surface layer above the top of the taminar sub-layer, 2. In

stable and neuiral conditions the result from equation 54 is not only valid for the transfer of momentum

‘but also of entrained properties:

R.(0)= u{z:d}: puf{z—d}
U, T

, for stable and neuwral eq 56

For unstable conditions, however, the integrated stability functions (eq. 45) must be us%:l again in

analogy to the use in equation 44,

ln[z_d)—‘PM!_g) ln[td)—‘ﬂ@)

R{z)= = : , unstable cond

“ K ulz} !

By substitution with u- which alrcady contains the stability coerection for momentum, we obtain:

eq 57
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z- d
ln( J - lPH (Q) -
<o u(z ¥ ()Y,
SORN S My OO0 XD

K, u, K.

The second equality is derived by Garland (1977} and also includes the neutral and stable case in which

the second term vanishes.

2.6.2 Laminar boundary layer resistance

As briefly mentioned in section 2.1, all roughness ¢lements al the surface are surrounded by a very
shallow quagi-laminar layer. Here the transport of entrained entitics and heat is driven by molecular or
Brownian rather than turbulent diffusion. This mechanism is orders of magnitude slower and R, can be
of great importance despite of the small transport distance it accounts for, Whereas the bottom height of
the turbulent surface layer, z,, can be found according to section 2.5.2.1, the height of the boltom of the
viscous sub-layer, z,’, is unknown. Although an analogue form to equation 58 can be found it is of no

direct use:

eq 59

Unfortunately, only semi-empirical approaches exist for how to determine R, so that a great error may
be induced if R, is small, like in very unstable conditions or over very rough surfaces, e.g. forests, or it

measurements are carried out near the mean plant height, h.

Owen and Thomson (1963) suggested the introduction of a sub-layer Stanton number (B) in order to

calculate Ry,:

-1
Rb = (Bu‘ ) eq 60
For vegeiation Garland (1977} found that B can be described by

B =145Re)* §c°F eq 61

where Re. is the turbulent Reynolds number given as Re. = frictional/inertiaf force = zou.fv, v being the
kinematic viscosity of air, and Sc is the Schmudt number defined by Sc=v/D. This formula is often used
in literature, c.g. by Sutton ez al. (1993), Coe (1993). B is therefore a function of u« and D, and thus
different for different species. Hargreaves and Atkins (£987) revise literature values for Dyy; and use a
value of 2.09*10° m® s for NH;. Seinfeld (1986) gives a Brownian diffusivity for sub-micron particles

such as NH " -aerosol of the order
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3*¥ 10 m’s™ < D, < T*107°m*s™ |

However, as additional settling processes effect the speed aeroso!l particles overcome the lgminar sub-
layer, equation 60 underestimates the deposition velocity of aerosol. A more detailed description of the

settling processes of particles is given in section 2.6.5.

2.6.3 Canopy resistance

Unlike the aerodynamic and the boundary layer resistances the canepy resistance does no | depend on
the micrometeorological situation but is determined by the exchange of the (racer by the soil and
vegetation with the atmosphere. No uniform description can be found in literature for what contributes
to R.. The canopy resistance can be modelled by a whole network of serial and parallel 'whdependem

resistances describing the uptake resistances of plant and soil.

Differences in R; in day and night ime conditions have led to the general assumption that uptake of
gases like 3O, or NOy is governed by the pofes of the leaves, the stomata, which are close. during the
night or under heavy rain stress (Fowler and Ungworth, 1979; Coe, 1993} (R,). Another Iansmission
path is formed by deposition directly onto the leaf surfaces and uptake by the cuticulae (R,). A wet leaf
surface can enhance the uptake and store a certain quantity of gas. It might therefore be pdequate to
include the surface weiness as done by Kramm and )a

Dlugi (1994) or to introduce a capacitance as
demonstrated by Sutton et af. (1995} as most of the gas
might be released again when the leaf dries. Moreover,
an internal resistance, Ry, in series with R, has often
been introduced in order to describe the mesophyil
transfer within the sub-stomatal cavity. Biesides the
foliage uptake, the soil also contribuces to the
deposition and a R,y might be inwroduced. Again, the

wetness might have an influence, which might be able

to be quantified. Obviously, the system can be made
infinitely compiicated, e.g. by the introduction of
scveral foliage layers connected by additional boundary

layer resistances, and estimations need to be done as for

how to keep the system as simple and still as precise as

possible. Figurc 3 gives an example for a simple .
; Figure 3: Resistance model after
Sutton et al. (1995} cluding
parallel deposition to leaf cuticles,
R,, and through stomata, R, with a
contribution the canopy rtesistance, R.=R,, c¢an be stomatal compensation point, ¥{z,').

resistance model.

When stomatal uptake has been identified as the mean

estimatedd by consideration of the R, for 'latent heat
transfer, which is defined as proportional to the difference in the water vapour pressure between the

considered beights divided by the latent heat flux. As the (atter originates from the intercéllufar spaces
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the pressure at the lower ievel is given as the saturation value for the average ambient temperature at
height 7', T(#'), 1.e. as ey (T(z,'}), whereas at the upper level the water vapour pressure is a function

of height rather than temperature:

g = 2he CudT()}~e(@)
op AE

eq 62

Thus, once the mean surface temperature and the water vapour pressure at the mean height of the
uptaking elements has been found, the stomatal resistance can be estimated (Monteith and Unsworth,
1990). Other expressions for the stomatal resistance using meteorological and plant physiolegical data

have been derived by Jarvis (1976) and Wesely (1989).

2.6.4 Surface concentrations

As the parameterisation of all plant physiological and metcorological Whereas the bottom up or
inferential approach seems to be difficult R, can easily be calculated if the total effective diffusion

resistance R, (or Vy) 18 known.

x(z)

X

R. =RT“(R“+R!?):—

[4

'"(Ra +R;,) eq 63

Instead of regarding R. as another resistance it can be considered as caused by a non-zero NH,
concenfration at the bottom of the viscous sublayer, ¥(zy’), which elfectively diminishes the
concentraiion difference driving the flux. This concept can account for the fact that in the case of
emission the surface concentration can surely not expected to be zero. In this model the surface

concentration could be obtained by

%(z0) = () + F,(R,(2) + R,) eq 64

If the concentration profile has been corrected with respect to the stabilily conditions as described in
section 2.5.2.} the log-linear plot can be extrapolated to the height z,", which might also be found by

comparison of equations 59 and 60 as:

2, =2, exP{_% —¥y [ZIO]} eq 65

However, based on the semi-empirical derivation of Ry, this relation must be treated with care.

In the case of NH; emission equation 63 would lead to a negative canopy resistance, Although this
concept is mathematically coherent it does not reflect natural processes. A combination of describing

the difference between R, and the sum (Ra¥R1,) by both an additional canopy resistance (Rc) and a

UMIST transfer report - Eiko Nemitz




28 The quantitative ctfect of gas-to-particle conversion on ammonia fluxes

surface concentration at another notional heiéghl, 7,7, i.e. x{z,'), might be the physiologﬁically most
appropriate expression. Concentrating on stomatal uptake, R, would consist only of R, and %z}
would describe the NHj; air concentration given by the partial pressure of gaseous NH; abovg the water
filre in the mesophyllic cell walls (apoplast). The Henry equilibrium relates the partal preiure te the
apoplastic NH,;" concentration, which depends on the physiological state of the plant community.
Methods have been developed to measure the apoplastic NH,* concentration directly {e.g. Husted and

Schjerring, 1993) and provide an independentimeans for the validation of the resistance descriptions.

Assuming the uptake is solely controiled by the stomata, x(2z,"’) could then be interpreted as a stomatal
compensation point (¥}, the air concentration at which no net exchange through the stomata takes place

(e.g. Sutton et af., 1995).

Lo =2{z =1z - B (R {z}+ R, + R,) °q 66

However, even if other pathways exist alongside the stomatal exchange Sutton et af. (1995) suggest the
introduction of a canopy compensation point {¥.=x{2,")) at the height z,” as the NH; air copcentration at
which ne NH; net exchange with the canopy takes place. Unlike %, % is not determined by the
physiclogical state of the plants alone, but also by meteorological factors as wetness, by the soil

exchange and the NH: concentration within the canopy itself.

2.6.5 Estimating the deposition velocity of particles

Because of their different nature (size, density, inhomogeneity) aerosols undergo quite diifferent dry
deposition processes than gases. Here the main mechanisms governing the deposition velocity of
particies, and in particular the transport through the quasi laminar sub-layer, are discussed. The first two
mechanisms are controlled by the characteristics of the aerosol itself, whereas the other three largely

depend on the properties of the collecting surface.
1. Brownian diffusion:

Brownian diffusion is the domination process by which gases overcome the viscous sub-layer. Their
transport 1s due te molecular bombardment. Very small aerosol particles behave very much hike

molecules whereas increasing inertia with increasing particle size limits this mechanism]. A formula

for the diffusivity of particles, D, can be found in Seinfeld (1986):

kTC ;
D= — i | cq 67
3ruls, ' : ;

k being the Boltzman constant, T the temperature, jt the viscosity of air and C, the Cungingham slip
flow correction. C; is close to unity foriparticles with diameters smaller than the mcIm free path
length of air (D, > 0.065 ym), but changes with D, for smaller particles; hence effectively Do Di,'2

in the free molecule regime {see Figure 4) .
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2. Gravitational setling:

The drag force on pasticles, on the other hand, increases with mass and helps penetrating the viscous
sub-layer. Large particles reach a considerable settling speed, at which the [riction force equals the

gravitational force given by Stoke’s law as:

2
_p,80,°C

:q 68
18 “

£

where p, is the particle density and g the acceleration due to gravity. Hence V, strongly increases

with the diameter, 1.e. the mass of the particle.

The Cunningham correction factor and brownian diffussivity as a function ot particle diameter

H0e 10

T

TU3

T 0.01

T 200

T 0.001

T 2.00001

T 0.000001

Cunningham correction factor Ce
Hrownian diffusion coefficier! D [tm2 5-1)

T 0.0000001

T 006020001

T T 0.000000001
0.0007 0.001 0.1 a1 1 10

particls diameter Dp {um]

Figure 4: The Cunningham slip flow correction and the Brownian diffusivity as a
function of particle diameter D, (Seinfeld, 1986)

3. Impaction:

[mpaction describes the disability of heavier particles to follow streamlines due to their inertia. As
large particles are not able to follow the motion of small eddies and rapid curvature of streamiines
around obstacies near the surface, this cffect enhances their deposition. It describes the influence of

particle mass on the deposition process.
4. Interception:

It occurs when the particle following the streamline around an obstacle is sufficicntly large to come
in contact with the obstacle and therefore deposits. It describes the influence of particie size on the

deposition process.
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5. Rebounce: ‘

Depending on the stickiness of the collecting surface a certain amount of particles will bounce off.
This cffect acts alongside the collection mechanisms 2.-4. and reduces the overalli collection
!

efficiency.

A number of diffcrent attempts of parameterizing and combining these collection proceises can be
found in literature. In his widely used model, Slinn (1982) derives separate collection efficiencies for
Brownian diffusion, interception and impaction (Ep, Eiv and Epy) and combines them lo‘ an overall

efficiency ( E) using a bounce-off factor (R}):
E=R(Ey +Ep +E;) I

The total deposition velacity is then given by ; |

-1
2 _ |
1% VL S 1B ' eg 70

R /A U, E+[\/-E—tanh(7«/§)]

where U, and U, are the mean wind speeds at a reference and the canopy height, respectively, v being a

shape parameter for the concentration profile within the canopy. ‘

Cepaosition velacity over grass land calculated with Skinn model

Hoor

Browniahdiflysion
106
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Figure 5: Particle deposition velocityi' for grass land after Slinn (1982). ‘

Figure 5 shows the particle deposition over grassland according to the efficiency parameterisation of
" Slinn (1982). A vatiety of similar parameterisations exist partially taking the plant mbrphology in
multitayer canopy models (Peters and Eiden, 1992) into account. A literature review of

parameterisations based on theoretical models and measurement data can for cxample‘ be found in
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Gallagher er al (19953). The important intermediate size region, in which most ammonium containing
particles can be cxpected, is neither strongly effected by Brownian diffusion nor sedimentation and
associated with the largest uncertainties. Although ihe plots show the deposition velocity 1o be small for
particles with 0.1 um < Dy < | um field measurements have consistently shown higher deposition rates
(e.g. Stinn, 1983; Hummelshgj, 1992). This indicates that the mechanisims of surface/atmosphere

exchange of particles are not yet fully understood.
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3. THE CHEMISTRY OF AMMONIA AND AMMONIUM AEROSOL

Ammonia reciprocates with the atmospheric acids, nitric acid (HNOs) and hydrochloric acid (HCl),
forming NH," salts. It can also be partially or fully neutralised by sulphuric acid (H,SO,) in a virtually

irreversible two stage process:

NH, + HNO, & NH,NO, R
NH, + HCl & NH,CI R2

NH, + H,50, - NH,HSO0,

R3
NH, + NH,HS0, — (NH,), SO,

Since H,80, is known to be highly reactive, it neutralises any present NH; instantly and thus dees not
travel far from its source if any atmospheric NH; is present. It has been suggested 1o include H,S80, in
reaction medels of NH; by allowing all HoSOy to react first and calculating the reaction rates with

HNO- and HCl according to the remaining NH; concentration (Seinfeld, 1986).

3,1 THE NITRATE TRIAD

In contrast to H,50,, HNO; forms a genuine equilibrium with NH; and NHNO;. As it is the
predominant of the three atmospheric acids under consideration, most work has been done to describe
the equilibrium product of this process. The reaction rate coefficients k; and k; are iniroduced for both

processes, sociation and dissociation:

NH, + HNO, ——> NH NO, R4

NH,NO, —*— NH, + HNO, RS

These reaction rate coefficients arc not well determined. However, there are expressions for the
chemical time scale, i.e. the time for gas and particle phase to oblain equilibrium. Seidl et af. (1995)

derive the expression

=a dr
Tr_’:.m :3D-[._.—m.(_.}-}}_)_—e— eq?l
9 K 2
l+; rf’p.”

r
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where D is the gas phase diffusion coefficiént, 1, the particle radius, m(rp) the mass coLccnlration
function, A the mean free path of gas molecules in air (0.065 um) and o the accommodation coefficeint
(0.1). Hence measurements of the size distribution of the NH,NQ, aerosol are necessary to estimate the
chemical time scale. Unfortunately, 1 cannot be directly related to the reaction rate coefficients, ki

Nevertheless, a relationship between the two reaction rate coefficients can be yield if we introduce the

According to thermodynamic theory, the equilibrium constant is given by the product of] the partial

equilibrium dissociation constant (k,, N } for NH,NO; aercsol.
3.1.1 The dissociation constant of NH;NO; aerosol

pressure of he gases above the aerosol, It can also be written in terms of the standard Gibbs free energy

change for the reaction:

AG;
RT

ln(kp.NH.NO, ) = ln(pa\’HJ pHNO; ) == eq 72

In conditions, for which the Gibbs free endrgy is tabulated, the dissociation product cak easily be

calculated. For modelling purposes, however, it is desirable to obtain an expression as a function of

temperature and relative humidity in order to account for gradients. This can be achieved by integrating
|

the van't Hoff equation, also called reaction isochore, ‘

(a In(k, )J A 7
P

oT RT? ; ‘

yielding an expression for the dissociation product under the assumption that the temperature

. dependence of the specific heat capacity is negligible as:

74
298 ™

ln(k,) =—

R R | R RIT

AS® Ac, {298Acp AH"} 1 Ac, [ T j
Sl 208 - 1
: T R

where AS®, Ac , and AH ® are the changes in entropy, specific heat capacity and enthalpy during the

reaction, respectively; R is the universal gas ¢onstant.

This equation can readily be used to calculate the equilibrium constant for relative humidities below the

relative humidity of deliquescence (RHD), i.e. for solid NH,NO; aerosol. Unfortunately,| considering

the nature of the logarithm the dissociation constant is very sensitive to the accuracy of the
thermodynarmical data used. Hence cquations found in literawre differ considerably from each other,
Stelson and Seinfeld (1982) found

24220 ( T ]
eq 75
298

lﬂ(km,mf,,’vq‘) =84.6 _—T_ —6.11In
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whereas Mozurkewich {1993} claims his solution

24084 T
Ik v, ) = 9127 = === 6.025]n[5~é~§] ¢q 76

based on reviewed thermodynamicai data to be accurate within 12 %, Here k;; is given in units of pph’.

Aerosol formation is known to be favoured under cold and humid condilions; hence, for relative
humidities above the deliquescence point the concentration of the solution of the aqueous aerosol and
thus the humidity need to be considered. For a saturated solution the aquecus phase is in cquilibrium
with the solid, therefore the sofution tor aqueous aerosol must be expected to approach the solution for
solid aerosol at the RHD. For morc diluted sclutions, however, the activity coefficients must be takcn

Into account:

K i 2 Ku’
};j.d =(th) lé d

i g

K, = a(NH] Ja(NO; ) eq 77

where a is the activity coefficient, Kp .« the ideal solution obtained by using equation 74 with the vajue

of the specific heat capacity of a saturated ammonium nitrate solution, K the solubility product

R
constant, Y, the mean activity coefficient and m the molality of the NH,NO, sofution. Using
temperature dependent expressions for Y , and m Mozurkewich (1993) approximates his findings by a

curve described by

k,= (R —Pz(l—aw)+P3(1—aw)?)x(l—aw)"'ﬁkp,m

In(P,)=-135.94 +§F‘;ﬁ+ 19.121n(7)

eq 78
In(2)= 12265+ 2% 116.221n(T)
T

13875

in(P,)=-182.61+ +24.46In(T)

Where g, the activity coefficient of water, itself depends on temperature. Stelson and Seinfeld (1983)

w?

use an iterative algorithm to calculate the inter-dependent values of Y, and m using the

thermodynamic data of Hamer and Wa (1972) and Roux et of. (1978). Figure 6 shows the result.

3.1.2 The reaction rates

Once the equilibrium constant has been fouad, the relationship

Ry wrgvo, = [HNO3]¢.Q, [NHAL eq 79
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Figure 6: The dissociation constant of ammonium nitrate and ammonium chloride as a
function of temperature and relative humidity according to Stelson and Seinfeld (1983)
and Pie and Harrison (1987). '

can be used to calculate the equilibrium concentrations. The equilibrium concentration refer to an

equilibrium state which is reached if the two reaction rates ‘

R, = k [NH, [HNO,]  eq80

R, = k,[NH,NO,] f eq 81

equal each other. Substitution of k; from equation 79 into equation 8) and using R,=Rp leads to a

relationship between k; and k;:

k

ky = 1% : eq _82
It will be shown that the total nitrate concentration

TN =[HNO,|+[NH, NO; l=¢,, eq 83
and the total ammonia ¢oncentration |

TA = [NH,|+[NH,NO,]=¢,, eq 84
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am therefore the difference
TD = [HNO, |- [NH,]=¢,;, eq 85

are time invariant, no matter whether equilibrium is obtained or not. and that the constant flux
assumption consequently holds for these so called group concentrations. Equations 79 to 84 applied to
cquilibrium conditions lead to a system of three equations which can be solved for | NH |, NO, |

3 deq

giving;

[NH, NO, ~TNTA+k, aq 86

2
| = TN +T4 (TN +T4A)
Eq

Here the +-sign cannot represent a valid solution as (TN+TA)2 is the upper possible limit of the
ammonjum nitrate equilibrium concentration. The other equilibriuin concentrations can easily be

obtained as:

[HNO, ] =TN~[NH,NO,] eq 87

¢q

ey

[NH, ] =TA-[NH,NO,] eq 88

3.1.3 Comparison of the dissociation constant with measurements

The theoretically obtained equilibriumn product of NH; and HNO; was tested against measured data in
several studies. Harrison and Pio (1983) found good agreement of their measurements, performed in
north-west England under mainly high humidity conditions, with the theory presented by Stelson and
Seinfeld {1983) (see Figure ), Evisman et al. {1988) report good agreement for not too high relative
humidites {RH <« 80 %} and temperatures above 0 °C, but measured higher concentration products of
the gas phase than predicted by theory for high humidities. Allen ef al. (1989) limit the range, in which
good agreement can be found, to RH < 80 % and T > 5 °C (an example of measurements at Essex, UK,

is given in Figure 7).

The following explanations for the difference in the concentration products can be assumed of:

1. The inhomogeneity of the aerosol, which does not exist of only ammonium chloride or nitrate, eads

10 a depression of the gas phase preducts.

[~

Meteorological situations with insufficient mixing (during the measurements often coinciding with

temperatures below 5 °C) could lead 1o higher concentration products than cxpected.

3. Low temperatures might also be comelated to low concentrations leading to bigeer

uncertainties in the measurements.
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4. Local sources of NH; and acids, which might

AN !
1\ \\o A 'RH: 6:_“;3 be higher at day-time (e.g. due to higher
LA .

RN N \}\3 S o m-80 temperatures, stomatal activity), can lead to

N @ Ny @ H-% L . -
\ AR\ | e o50-100 : Kinetic constraints upon the attainment of the

AN s ,\‘i \.\\ equilibrium. In fact, modelling the chemistry

i WA\ N ' ilibriu

Y Y of ammonia shows that equilibrium can only

ERNRAAVAS ,
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Figure 7: Concentration produets of ]

[HNO,JINH,] as a function of temperature concentration, local emission and deposition
and relative humidity measured at Essex

of NH; must be assumed as the main cause
by Allen et al. (1989).

for dis-equilibria.

3.2 THE CHLORIDE TRIAD

The third major inorganic atmospheric acid reacting with ammonia is hydrochloric acid (HCI). Again,
under steady state conditions an equilibriom would be found. Less work has been done fto establish

reaction rate coefficients k; and ky or to calculate the equilibrium constant.

NH, + HCl—"— NH ,CI R6
NH,Cl—% > NH, + HCI R7

3.2.1 The dissociation constant of NH,Cl

Pio and Harrison (1987a) derive the equilibrium constant for solid NH.Cl using temperaturé dependent

relationships for the specific heat capacities ag

k —0008167T

T eq 89
+464383% 107 TF — 110475 x 107" 7

PENHCE

=73-1?6135+2.23581n( T J_ 0000213204

298
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which compares well with the semi empirical equation by Wagner and Neumann (1961)

00002138641
T

— 74604 x107° T

T
k e =18581686+18121n
o NEHCL (298}

eg 90

Using the tntegrated van’t Hoff equalion and neglecting the lemperature dependence of the specific heat
capacities the thermodynamic data by Wagmann ef af. (1968) and Roux et al. (1978), which was also

used by Stelson and Seinfeld {(1983) to derive equation 75, the following expression can be obtained:

80
K,y = 7823+ 1812-235I0(T) - 31%— . ¢q 91

Here the temperature and humidity dependence of the vapour pressure of NH,CI aerosol derived by Pio
and Harrison (1987b) in analogue form to the formula of the equilibiium constant of NHyNO; by

{Stelson and Seinfeld) and was re-decoded (see Figure 6).
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4. MODELLING GAS-TO-PARTICLE CONVERSION

4.1 INTRODUCTION AND EQUILIBRIUM CONSIDERATIONS

The constant flux assumption discussed in chapter 2.4 requires no atmospheric sinks or sources Lo be
present. As soon as chemical transformations become significant this requirement is violated, Ammonia
reacts with HNG; and HCI forming NH,” salt aerosols. The chemical source and sink terms can be

wrilten as the difference of the reaction rates of sociation and dissociation:

~k,[HNO, [NH, |+ k,[NH,NO, | = ~kc/c, +hye i=12

= . eq 92
_Ql ,323

:
for the nitrate triad and

=~ —k, [HCJINHa]‘f' k, [NH4CZ]:—klc4cz +keo =24
=1 ‘ eq 93
_"Q-; ,:‘: =5

for the chloride tnad. Here indices have been intreduced in order to simplify the equations. The index 1
is defined as follows: i = 1: HNO,, 2: NH,, 3: NH,NO,, 4: HCI, 5: NH,CL ¢, and F[ can be identified
with the concentration and the flux of species 1. The reaction rate coelficients are used as introduced in
the reaction schemes above. From these terms it can be seen that sources and sinks would vanish were
there equilibrium at all heights and vice versa. However, several facts counteract the formation of

equilibria:
1. The chemical species differ in Ry, R, and therefore Vy:

The deposition velocities of the dry deposition for the different compounds are quite different. The
aerosol experiences a large Ry due to the small molecular diffusivity. The NH; flux is largely
determined by the canopy concentration, expressed in terms of R and / or ¢a(z,), and can be both
up- and downwards. In addition to this it has been assumed that any canopy acts as a perfect sink
(R.=0) for gaseous acid (¢.g. Huebert er al., 1988). As a simplified model, one can imagine parcels
of the different gases not travelling alongside each other, but at different speeds or even in opposite
directions and consequently having only a limited time to achieve equilibrium. Even if the chemistry
of NH; is accounted for, models would predict height invariant fluxes if equilibrium was achieved at

a reference height and if the deposition velocities were assumed to be the same for all species.

I

The equilibrium needs time to develop:

The equilibrium is not reached instantaneously but needs time to develop. The characteristic
chemical time constant (T,) is given by equation 71 but other eslimates exist in literaiure:
according to Brost ¢f af, (1988), Schwartz (1986) theorctically derived a time scale of less than | s

whereas data from Larson and Taylor (1983) indicate 2 time scale of about 100 s. In addition to the
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size spectrum, which has been considercd in equation 71, the composition of the NH,NO,
containing aerosol might have a great effect. Kramm and Dlugi (19%94) point out that chemical
conversion is only to be considered if the chemical time scale is of the same order of magnitude as
the time scale of the vertical diffusive transfer (T, ): for T, <<T, the equilibrium approaches the
instantancous, reaction whereas for T_.>>7T, the system can be regarded as chemically inert.
Hence, in the first case the two terms in equation 92 cancel each other, in the latter the reaction rate
coefficients are small and so are the source/sink terms. For neutral conditions Brost andIWyngaard

(1978) expressed T, by

Xz
T, =— eq 94
175U,
The comparison of chemical and diffuslve time scale for a given NHNO; concenfration and
meteorological situation can therefore provide a first means for the estimation of the importance of
GPC.,

Disequilibrium caused by advection:

Advection from adjacent sources (of any of the three chemical species) can lead to sig Eificslnt dis-
equilibrium at the top of the layer which i§ normally expected to be in equilibrium with the surface,
ie. the constant flux layer. This dis-equilibrivin can then propagate through this layer tolthe surface
if surface exchange and chemical reactions take place. In this case the expression ‘constant flux

layer’ is not appropriate.
Cradients of temperature and relative humidity:

As the theoretical equilibrium product is a strong function of temperature and relative hymidity, the
dissociation constant becomes height dependent in the presence of gradients of tcmpératura and
relative humidity. This dependence becomes more significant above the RHD and causes the
equilibrium concentration product to change with height. Hence, even in the absence of surface/
atmosphere exchange concentration gradients and therefore flux gradients would form. he different
values of Vg of the different species and the time constraints prevent the equilibrium to be obtained
at all heights. In this case flux divergence can alsa be found if the deposition velocities of all species

are considered the same and there is equilibrium at a reference height.

The conditions at the surface are controversely discussed in hiterature. One could argue that with

vanishing z T, >>7T, =0 and thus the second condition for equilibrium are fulfilled. However,

equation 94 is only valid above the height of the quasi-laminar sub-layer (z,) and the trangfer through

this sub-layer is considerably slow, while concentration gradients are in general large. Kramm and

Dlugi (1994) state that there must be equilibrium at the surface, as it follows from the fact that the flux

divergence, dF / 07 , vanishes at the surface. The total derivative wrt. time is given by

L =u Ve +-- 5 ‘ eq 95
d !
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where U is the vector of the mean wind speed. Assuming horizontal homogeneity and writing the local

change of the concentration as

de, oF,
5 o +Q, cq 96

it becomes indeed obvious thal under steady state conditions (aci /at = 0) the source/sink terms ( ;)
have to vanish as the flux divergence approaches zero. The authors argue that the flux divergence must
be zero if the description of R, according to the equations 539 and 60 shall be applied. Although this a
mathematically coheremt requirement, it might not actwally represent the physical processes. As the
ransport velecities of the different species within the viscous sub-layer are different and the
concentration gradients potentially very large, it must be assumed that the chemical transtormation
processes are indeed substantial. Whereas a hight dependent relationship can be given for R, (equation
37), it is for most purposes sufficient to calculate a buik value for Ry. In order to validly extent the
models to the range of the viscous sub-layer a hight dependent expression for Ry, must be found that

forms a mathematically contincus extension of R,.

The models of Brost et g/, (1988) and Gao ef al. (1991) are also based on the assumption that the flux
divergence has to vanish at the surtace but their concentrations are not in equilibrium. This is certainly a
contradiction to equation 96. Firzjarrald and Lenschow (1983) overcome the problem by using the
concentralions at two heights above z, as boundary conditions so that no assumptions about the surface
condilions have to be made. In section 4.2.1.3 this concept is exiended by a method to extrapolate the

profiles to the surface so that the surface conditions can be examined.

Lenshow and Delany (1987) consider the reactive systém of NO,, NO and Q,, which can be trcated
similarly to the nitrate triad, aithough here the reaction rates are determined by photolysis of NO,.
Assuming the concentration of O, to be virlually constant (which is justifiable as its absolute
concentration largely exceeds the concentrations of NO, and NO), they derive an analytical expression
for the concentrations as a function of height. Their solution shows the flux divergence to be Aighest
closest to the ground. This result was also obtained from global chemistry models used by Duyzer ef al.

(1995).

According 1o the different factors that contribute to the formation of dis-equilibrium the source of the
dis-cquilibrium can be cither at the surface or at higher levels in the atmosphere. If the fetch is big
enough and if no advection occurs, chemical equiltbetum of the nitrate triad can be expected well above
the surface (1, >> T.). Nevertheless, the different deposition rates arc controlled by transport and
exchange mechanisms at the surface, which can either be depletion or emission. Hence the dis-
cquilibrium is induced at the surface, which becomes obvious if we consider NH; emission caused by a
surface concentration. This dis-equilibrium propagates upwards but becomes less significant with
height. In the case of NH; cmission there might be particle production which decrcases with height. In
the case of NH; deposition one might find stronger aerosol evaporation close to the surface. Kramm and
Dlugi (1994) extend their model for NH; emission by introducing of a NH; surface concentration

without revising the surface equilibrium requirement.
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As discribed before advection of single species can lead to high deviation from the equilibrium just

above the layer which would, neglecting chemistry, be expected to be in equilibrium with the surface.
This equilibrium ‘diffuses’ downwards and becomes decreasingly significant. This situation has been
modelied by Fiizjarrald and Lenschow (1983), and Kramm and Dlugi (1994). If thesj reference

he surface

concentrations were chosen to be in equilibrium then the second equilibrium condition at
would lead to constant fluxes as explained under (1) above. Hence the model of Kramm and Dlugi
{1994) cannot be applied to sitations where the equilibrium is driven from the surface; the equilibriom

condition s associated with difficulties. '

In an advection sitwation the influence from iibove is dominant. However, at the same time different
deposition processes at the surface take place as well. This might lead to the fact that equilibrium is not
achieved at any height (if surface exchange and advection act in the same way) or that equilibrium 1s
fulfilled at a height between the top concentration and z, (if surface exchange and advection act in
opposite ways). Presumably, the equilibrium height decreases with increasing dis-equilibriv I at the top
height. Ii temperature and humidity gradients 5influenee the equilibrium at the same time, tiii net effect

is difficult to estimate.

4.2 THE DIFFERENT CONCEPTS FOR MODELLING EQUILIBRIUM CHEMISTRY!

As mentioned earlier on, GPC can often be identiﬁed by locking at the divergence of the measured
deposition velocities from the expected values. Since the atmospherefsurface exchange of NH; is bi-
directional and governed by a generally unknown value of R,, V4 of NH, is difficult to estimate. The
deposition velocity of particles is size dependent and the different deposition processes not yet well
understood. Hence the comparison of the mé¢asured fluxes of HCl and HNO;, which are It}ssumed to
deposit with V,,, (e.g. Huebert et af. 1988) milst be expected to give the best indication for GPC. If the
gradients of HNO; and NHj; are obtained in the same way as the one for NH;, i.e. if the concentrations
are measured at the same heights, the error due to GPC on the flux measurements of both species should
be expected to be similar (assuming the effect of HCI is negligible). Since the error in the [HNO; flux
‘can be estimated using the expected value fori V=V a first order correction of the NHj; flux is given
by:

F,"\'.F-j’_1 Jeal (Z.; ) = FiVH] JRELS (lm) + AEVH, eq 97

with | ‘

ARy, = [HNO, ] (m) % (V,0, (M) = Vo o, (Im)) ¢q 98

Similar expressions can be derived for thé comrection for the reaction with HCI, if ppropriate.
However, a potentially more accurate correction can be obtained by modelling the profiles of the
concentrations and fluxes of the different chemical spectes inciuding the values at the surface. Generally

the following assumptions are made:
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1. Chemical conversion processes are the only sources and sinks within the atmosphere.

2. The concentrations are horizontally homogenous, i.e.

Jc, ’ dc; :
_a;’ +_é;" =0 eq 99

In this case equation 96 has 1o be solved:

6, _ 3
FYr +C eq 100

This is & set of partial ditfereatial equations containing too many variables 1o be solved without any
further information. Two different approaches, first- and secomd-order-closure, can be found in
literature. Models also differ in the expression of the source and sink terms uscd. Alongside the reaction
rate expressions of equations 92 and 93 a relaxation approach is used considering the chemical
conversion as a reaction towards equilibrium with the chemical time scale (1,). The formula for first-

order-relaxation for the species i is given by:

i —C
Q =— eq 101

whereas for second-order-relaxation Qy would be written as

C€; =€ Cae
0, =—~*—Tu eq 102

.
Brost ¢f af.{1988) claim that second-order-relaxation is to be preferred if the neutralising gases react in
the gas phase producing new aerosol nuclei, whereas first-order-celaxation describes the chemistry in
liquid aerosol where both gases undergo independent first-order-relaxation to equilibrium values
determined by their Henry's iaw coefficients. In the larter case the pH presents the only coupling

between the iwo equilibria.

4.2.1 First-order-closure

One way to close the set of differential equations is to assume that K-theory stays vaiid for chemical

reaclion so that at each height

—d e,
Fz)= “Kn.exr(ZT]a% eq 103
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where the flux has become a function of height uniike in equation 17 and where the eddy diffusivity has
|

been changed by the presence of chemical reactions. Brost et al. (1988) derive the re]aticmshif

T H
K, , =——K eq 104
et T g,

which allows the effective diffusivity 1o approach the normal turbulence diffusivity for T > T .

Fitzjarrald and Lenschow (1983) develep a formula including a chemical reactivity length scale 7\.1- 48

-1

Ky = (0?4(1 - z/’?\.,.)) K, eq 105

for near neutral conditions and find only negligible deviation from using the uncorrécted eddy

diffysivity, Thus the normal turbulent eddy'diffusivity (eq 23) seems to be a sufficicntTy accurate

approximation making the application of this model in all stability conditions easy. Solving|the system
of differential equations can be limifted to an integration in height leading o fast algorithms.

4.21.1 Coding of a first-order-closure model

Equations 96 and 103 together with the formulation for the chemical sources and sinks al:cording to
equations 92 and 93 form a system of six coupled non-linear first order differential equation§ which can
be transformed into a system of three coupled non-linear second order differential equations in height.
This system can then be solved according to the boundary conditions given. Kramm and Diugi (1994)
use concentrations at a reference height of 20 m as the only input. The concentrations at ¢l ;e height of
the laminar sub-iayer are derived using the itferential approach described in the next sect.iLn. In their
model for NO,, NO and Q,, Fitzjarrald and Lenschow (1983) also apply first-order-closure to caleulate
profiles but they use two reference heights above z,, thus avoiding the discussion about the surface
conditions. Both models were decoded within this work. As an example, the equations for NH, (¢;)

shall be looked at in detail. From equations 92 and 96 it follows that: \

oF, !
— = ket eq 106
Z

where ¢ can be eliminated by using the more meaningful group concentrations, €, . to yield a second
|
order polynomial expression : ‘

o, ol —B 1
==—0L, CC —P.0 7,
dz : S eq 107

o,=k; B =k2—klcx3; T, =—k,c,,

e ~
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as c.g. done by Kramm and Dlugi (1994). From cquation 103 the second derivalive of the concentration

wrt. 10 height is given by:

Bzﬁ'gz_a_ _i\‘:__l_ —a 'E_B — 862 aKh .
P A L i o o

e az

A

The equations for the other concentrations can be derived analogously. These differential equations are
obviously coupled through the factors «,, B, and T,. These coefficients and K, have to be
caiculated for each heighl and after each iteration step of the solving algorithm, Before mtegrating a
logarithmic height co-ordinate h(z) was introduced deviding the height 2y, g0 stepeount-1 equidistant

intervals:

Mz} =bIn(z) +a
, - In(z,,) = n(z,)
stepcount — 1
a=1-bln{zy)

eq 109

The iwo point boundary problem was solved using a generalised shooting algorithm outlined by Keller
(1968) allowing fluxes or concentrations as input, Also, a finite difference algorithm (Burden and

Faires, 1993) was implemeated, which, in some cases, shows better convergense behaviour.

4.2.1.2 An analytical expression for the lower boundary conditions for the case
of surface equilibriom

Kramm and Diugi (1994) assume that the flux divergence vanishes at the surfaces and that there is
equitibrium. They use an iterative algorithm 10 calcutate the lower boundary conditions (both fluxes and
concentrations) from the concentrations at the upper reference height and the atmospheric resistances. A
first approximation for the fluxes neglecting chemistry is derived as F; = -¢i(2wp) R, then the group
fluxes are calculated and a first approximations for the group concentralions at £y as Cg(Zg) = Cyil Zeer) +
R\(zet) Fq using the height invariance of the group fluxes, is derived. Assuming equilibrium at z, the
concentrations of (he single species can be obtained [rom cquations 86 to 88. A new approximation for
the single fuxes can be derived from the surface resistances as Fi{z,) = -¢ (7o) (Ry;#+R. )", After
calculating the second approximation for the group fluxes, a second approximation for the group

species can be found etc..

Obvicusly, the iteratively obtaincd solution obeys the following equations:
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Cgi (ZO) = CII{J' (zref ) + Rr (Zref )ng ‘
F(zy)=-—5l%) - e 110
e ‘Rb.:' +Rc.i

Kramm and Dlugi (1994) fail to recognise that this algorithm can be selved analytically. Jubstituting
the group flux in the first equation by the sum of the single fluxes according to the second elruation for

both TA and TN the following system of equations is obtained:

__6lz)  alz)
R.‘J,Z + Rc,z Rb,ﬁ + Rr.Z

¢(z) #‘n(zo)
RFJ,I t+ Rc.l Rl+2 + RL‘.2

TA(zg) = ¢,(25) +63(zy) =€, (2,, )+ 63(2, 0 ) + R,

TN(zp)=c¢(Z5) T C3(20) = < (wa Jte(z,4)+ R4

kp.NH.,No_, = ¢,(24)¢,(2y)

eq 111
which is readily solveable for the surface concentrations: .
|
2
! (zref )= (Z,) 4 €2y ) = {2y ) o,
c(zy) = ~ kp,NIﬁN& -
20, 20t T
K, wiin
cg(z()) = pANHL NG,
¢ ()  eqli2
€1 (2 )+ € (2, )~ (200
ey(2) = 1\Lrer 2 \Zyey : 1180 ) ‘
o
R |
o, =1+——
R-‘n' + Rc,l'

The fluxes can be calculated from the concentrations using equation 111. This analytical calculation of
|

the boundary conditions overcomnes problems with the numerical algorithm, which shows poor

convergence properties. However, as discussed before the equilibrium condition does not|seem to be

physically appropriate.

4.2.1.3 Extrapolation down to the surface

As the validity of the equilibrium conditicn at the surface has to be questioned, the concenTations at z,
.cannol be calculated; therefore one of the boiundary conditions must be given up. In order|to base the
model assessment mainly on field data, it seems advisable to use the measured concentra{ions at two
different heights above z, as an input and to extrapolate the profile down 10 z, - an approach which does
not seem to have been done elsewhere. A common 4" order Runge Kutta algorithm for solving initial

value problems of 2™ order differential equations (¢.g. Burden and Faires, 1993; Press et alj, 1992) was

. | ,
used to extrapolate the fluxes and concentratipns from the values found at the lower rafcrcnr height by
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the calculation described above. For the discussion of the results it must be kept in mind that smail
deviations in the boundary conditions lead to great deviations at the surface and that boundary value
algorithrns Tequire a significantly smaller vertical step size than two point boundary problem. A
sensitivity analysis would be necessary to estimate the accuracy of this extrapolation. However, first
results show that the algorithms allow the profiles to be smoothly and continuously extended beyond (he

lower input height,

4.2.1.4 Extension of the first-order-closure model by adding the chloride triad

Whereas different models for the nitrate triad can be found in Hterature the chloride iriad has not yet
been dealt with let alone a system of both. The adoption for chioride is easily done replacing k

by kp.g\"H_‘Cf
terms. Equation 92 begomes:

P NEL NG,
the combination of both, however, makes it necessary to re-formulate the sourcefsink

ke, [HNO, NH, |+ &, [NH,NO, | = —k 6,0, + kye,  fori=1
Q+Q, 2
QJ=<WQE 3eq 113
—~k,JHCI [NH, J+ k [NH,Cl | =~kyc e, + ke 4
5
["Qd
The group concentrations here are total nitrate, total ammonium and total chleride:
IN =c,, =[HNO,}+[NH,NO,]
TA =c,, =|NH,|+[NH,NO, |+ [NH,CI] cq 114
TC =¢,, = [HCI|+[NH,CI]

These three equations are not sufficient to determine the five equilibrium concentrations. As NHy is

involved in both reaction cycles it can be eliminated in the expression of the two equilibrium constants

=[HNO, ] [NH,]

POV NGy ey e

k =[HCl1],[VH, ]m

pNHL O

eq lla

to yicld an relationship between the equilibrium concentrations of the acids:
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k .
[HNO; ], = kf’ ~>-[HCl], - eq 16

pc ‘

which can be used alongside equation 114 to calculate the equilibrium concentrations as

l
[NH NO] =_1_ E+TN~ g—--kTN 2_~4 gTN_kP,NmNO_, /2.
4 3 Jey 2 B . B B _B
[NH, ]w =0 — B[NH4N03]
[4NO,], =TN-[NH,NO,],
[NH"‘ Cl]w; TA [NH ] [N H,NO; ]eq | eqll7
[HCI], = TC- [NH, 1) ‘

iy !

k
o =TA~TC+-L TN

p.VH, N0,

|
B — 1+ kp,ch: ‘
= —

pNHNO, i

As a fourth relationship can only be found for the equilibrium situation, the sourcefsink terms cannot be
expressed by the group concentrations as it was dene for the nitrate triad in equation 107 . Using
directly the terms of equation 113 a system of five differential equation can be derived and sblved using

the technique explained before.

4.2.2 Second order closure

A second way to develop a closure expression for the flux equation is to lock ai the secon: order flux
budget equation. Analogously to scalar entities such as temperature, Fitzjarrald and Lenschow (1983)
derive a 2" order equation for the fluxes directly from the combination of the fluctuation equations for
vertical velocity and chemical concentrations for the photochemical nitrogen cycle. However, it can

easily be adopted for the nitrate iriad (here written for HNO;=c,):

- J2 r
aW’C; rQaC] g_'_- 1 c! oW C]' ‘
YR h e B e

t dz g p oz dz

{1 (2) (3) (4) (5) eq 118

-k, (c,w'c] +c,w'e +w’c’c;)+k2w'c’

(6)

w
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with similar expressions for i = 2 and 3. Term 1 represents the local flux change in time, term 2 the flux
production due to vertical turbulent transport and concentration gradients, term 3 the effect of
buoyancy, term 4 the destruction of flux by pressure variation, term $ the vertical mechanical transport
of the flux and the last term the production and destruction by chemical interchange. This equation can

be simpiified by the fellowing assumptions:

1) The last constituent of the first factor of the chemical reaction term 6 ( W'Q(-' ) can be neglected as a

product of three small quantities.

2) The pressure tefm 4 represenis the tendency fo return to an isotrop situation and can be

parameterised by

¢ o= og 119

as suggested by Fitzjarrald and Lenschow (1983), Brost ef af (1988) and Gao er al (1991). Here T,

represents the turbulent time scale.

3) Unfortunately, this approach has only been used under neutral conditions in which case three other

simplifications can be made:
- The gravity term in equation (term 3} can be ignored as small for constant virnzal temperature.
- The turbulent time scale is given by T, = (K7)}/ (L7512) (Brost and Wyngaard, 1978).

- W’2 can be parameterised by w'? = 1.75&3 (dite).

A generalisation for all stability classes seems to be difficult.

For the 1% order relaxation approach term 6 in equation 118 is 1o be substituled by

L £ 5
_ W e — W
w' Q) =- I 1 — eq 120

Iy

as uscd by Brost et al (1988) who also give explicit expressions for the equilibrium fluxes ( w’cl.’_“‘r ).

4.2.2.1 Implementation of a second-order-closure model

A second-order-closure model was de-coded according to the descriptions of Gao ef af. (1991) and Coe
{1993). Boundary conditions are prescribed by the concentrations at a reference height. the surface
resistances R, and the surface concentration of NH,. Both flux and concentration profiles arc
calculated using equation 118 with the simplifications described above, where the differentials are
substituted by finite differences (i.e. 8t and 8z). The distance between the reference height and z, was

divided into heightstepno=3@ logarithmically spaced layers and 0.001 seconds were used as the time

step.
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4.2.2.2 Extension by the chloride triad

For the reaction rate expressions of the chemical source and sink terms according to equati’on 113 the

co-variance with the vertical wind component can be written as:

-

LA Y

—k,(cI wc, +c,wel +w c!c2)+ k,w'c

r
P ofori=1
VO ewe |

‘ eq 121

L L 4 P r !
~k, (e, w'el +e,wiel +w c4]cz)+k2w ¢’

-0

th B L b

The reaction rate coefficients for the sociation (k; and k3) were given as input values and kept constant
with height. Frome these the reaction rate coefficient for the dissociations (k; and k,) were calculated
using the height dependent equilibrium concentrations (see equation 117). The integration was carried

out in the same way as for the nitrate triad described in the section before,

4.2.3 Semi empirical models ; ‘

The techniques for calculating the ‘true’ concentration and flux profiles presented so far, dejalt with the
numerical solution of theoretically derived coupled differential equations, and were limited by the
insufficient knowledge of the reaction kinetics involved. Duyzer et af. (1995) criticise numerical
approaches for the nitrogen cycle as they ignore other competing chemical processes and Ihus lead to
results, which might differ more from the frue flux’ than results obtained by standa.rd} techniques
neglecting chemical conversion processes altogether. They do not use measurement data Hut gencrate
‘real’ concentration profiles using the multi-layer air chemisiry model (base model} by Hough and
Derwent (1987), which includes 85 reactions of 43 chemical species. From these modelled profiles,
input data are extracted and used for different models calculating surface fluxes. The resullitan then be

compared. to the surface fluxes obtained by the base model, and this way the different models can be

assessed. They also calculate fluxes from the base model data negiecting chemistry and ciompa.re the
results to the ‘true’ surface fluxes. From this comparison they derive correction functions, which,
despite being derived semi-empiricaily, are claimed to be both more accurate and more practically
applicable than numerical models. Based on the results of the base model Duyzer et al. (1 I95} assume
‘the flux divergence to be a logarithmical flimcticn of height - quite in contrast to the jlatcmem of

Kramm and Dlugi (1995} that the flux divergence vanishes near the ground:

dF(z)
oz

=aln(z)+b . eql22

from which the tlux at height z can be calculated as the sum of the surface flux, F(z,), andlthe integral

aver the {lux divergence from z, to z:
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oF(z
Z
Floy=Fiz,)+ [ £
Z eq 123

= F(z,)+(a~bXz~2,)-blz, In(z,)— zIn(z)]

Using the flux gradient relationship equation 103, aywe; is for example given by

d’F 90 dc dc de
= =7z LI o —Z 3
a, =2 3 py z{ '(az ¢, + 3 Clj‘i*kz azJ

eq 124

=
o
T
£

:_._—-_J[—-kl(cgﬁ +C|F2)+k2f-":|

where the fluxes are the fluxes derived using the constant flux assumption. Assuming the flux

divergence to vanish at the highest measuring point, b can be evaluated as b=aln(z,,).

This approach is easy to use, but it is based on the logarithmic shape of the flux divergence, which has
to be tested for the chemistry of NH;, and also on the validity of the base model. Moreover, it still

requires the knowledge of the reaction rate coefficients.

4.2.4 Analytical solution of the concentration as a function of height

An analytical solution for the photochemical nitrogen cycle is presented by Lenshow and Delany
{(19%7). lgnoring stability cffects and assuming the conceniration of ozone to be constant with height
;they solve the set of coupled differential equations to abtain an analytical expression for the NO flux
with height containing two Bessel functions. Although analytical solutions are 10 be preferred over
numerical because of the completeness of the description and the speed of their application, an adoption

of this solution to the chemistry of NH; might not be feasible as no flux can be set to zero.

4.2.5 Sample run - intercomparison between first- and second-order-closure

Both first- and second-order-closure modeis have their specific advantages and disadvantages. The
first-order-closure can be solved by faster algorithms than the second-order-closure, which has to be
integrated wrt. both height and time. The first-order-closure is based on the assumption that the flux
gracient relationship remaing unaffected and although this is a simplification Fitzjarrald and Lenschow
(1983) show that the effect of chemistry on the eddy diffusivity is negligible. The second-order-closure
is correet in this respect but here second order approximations have to be used, like the
paramelerisations of the pressure term and the variance of the vertical wind component Gestribed 1
scction 4.2.2. These paramcterisations have not been expanded for non-neutral conditions. Whereas the
second-order-closure has only been applied when the boundary conditions were given by a reference
concentration and the surface resistances, first-order-closure can be more [exibly solved for arbitrary

two point boundary or initial value problems.
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Demo run second order closure model for nitrate and chioride triad
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Figure 8: Demo run of the second-orider-closure model showing how a NH,| emission
flox at the surface can theoretically be changed to an apparent deposition (here
above 8 m) by the presence of GPC. Aerosol shows an increasingly higher!apparent
emission flux away from the surface whereas the acids would seem to be deposited
fagter than possibie by turbulence.

Figure 8 shows a demo run of the second-order-closure using as arbitrary input values: u. = 0.22m,L=
o, T=15°C, RH = 40%, ;= | mm, z..¢=20m, Rosno3 = Ronus = Rop = 25 5 m, Ry naends = Ronnscr
=300,000s w, k=50 ppb s, ks =20 ppbi 8, [NHylom = 10 ppb, [HNOsly0n = 1 ppb, [HCllsom = 3
ppb, (NHNO3l0m = 0.5 ppb, [NH(Cllzom = 5 ppb, [NH;],, = 15 ppb. The NH; flux changbs from the
‘true’ emission at the surface (due to the high cangpy concentration} to an apparent deposition flux
higher up in the atmosphere. Where its flux changes sign, the ammonia concentration shows a
maximum, a feature which was also reported by Kramm and Dtugi (1994} using a first-ogder-cfosure
‘model. In agreement with their large Ry, the aerosol species show slow deposition at the sugface, which

appears as emission further up. In contrast, the gaseous acids seem to be deposited faster than possible
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A
LA

by turbulence, if measured well above the surface, but actually deposit with the velocity determined by
their Ry. HCI shows a higher flux than HNO,4 reficcting the difference in their concentrations. This first

look shows that chemical reactions can

a) lead to apparent emission of aerosol,

b) causc HC and HNQ, to seem to be deposited faster than permitted by turbuience,
¢} have 2 significant effect on the quantity and even direction of NH; fluxes,

and arc thus  likely explanation for some of the unusual observations mention in the introductory

section 1.4,

Ammonia flux protile calewlatats with 15t and 2na order elosure models for different atmosphere
stability and uslng citfarent surface boundary condillons
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Figure 9. Intercomparison between first order closure and second order closure models
for the chemistry of NH , HCl and HNO, showing significant increasing differences for
non-neutral conditions as atmospheric stability is neglected in the second ordex
closure madel.
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Using the same input data Figure 9 shows the NH; conceniration and Aux gradients calculated by a
second-order-closure and by first-order-closure model for different values of L. The differ Int ways of
calculating the surface boundary conditions (unlike the second-order-model, the first-ofder-model
ensures equilibrium at the surface) lead to different results at the surface. The difference between the
models becomes more significant with increasing non-neutrality showing that for these conditions the
second-order-closure model cannot be applied. Also plotted in Figure 9 are the gradients calculated
with first-order-closure using the surface flux or concentration calculated with the second-orfer-closure

approach as the lower boundary condition rather than caiculating them using the resistance model.

4.3 APPLYING NUMERICAL MODELS TO EXPERIMENTAL DATA

4.3.1 The Halvergate experiment

Unpublished data from measurements carriedéout in a joint (ield campaign in September 19%9 as a part
of the BIATEX project near Halvergate, Norfolk, UK, show unexpected surface exchanbe rates of
gaseous HNO; and HCl as well as particulate NH,*. A site description of ihe experiment has been
provided by Hargreaves et @l (1992) and Dollard er al. (1990). The data of four out of twelve runs are

shown in Figure 0. i
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Figure 10. Fluxes of four out of tweive runs during the Halveragate '89 campaign as
calcutated with the aerodynamic gradient method. Fluxes of both aerosol land acids
show high deviation from the expected values.

The average of the night time ruas 10 - 12 shows expected deposition fluxes for NH,NO; and HNO;
which indicate that GPC did not effect the measurements. In contrast, runs 1 and 5 show high apparent
emission of NH;" aerosol and deposition of HNO; and HC! faster than permitted by turbulence (V)
indicating aerosel formaticn or growth clese to the surface. The opposite process, enhanced levaporation

of aerosol near the surface, may be the cause of the slow acid and too rapid NH,* deposition in Run 8.
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As the measurements included simuftancous gradients of NH:, HNO,, HCI, NH,NO, and NH,Cl they
provide a unique dataset for model assessment. However, some other runs (data not included in Figure
10) show incensistent data, e.g. deposition of all chemical species faster than permitted by turbulence,
observation which cannot be explained in terms of GPC. A large contribution of SO to the NH,*
conceniration was also found during some runs requiring the inctusion of H;SQ, into the modelling

which was beyond the scope of the first model tests presented here.

The model described is applied to two different measurement cxamples as presenied in Figure 11 and
Figure 12. Figure 11 shows a case in which the concentration product [NH;]{HNQ;| does not obtain its
theoretical value (k) at any height. This leads to aerosel evaporation which is highest close to the
ground where the HNOs concentration is smallest. The magnitude of the dis-equilibrinm is governed by

the concentration of HNO; rather than NH,.
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Figure 11. Model application to data from Halvergate, Run 8, when aerosol production
or growth occurred close to the surface, The reaction with HCI is neglected as NH_ " and
NO, concentrations balance.

A comparison of Lhe concentrations of the aerosol species suggested that for Run § the NH," presents
mainly NH,NQO,. Consequently the reaction with HC] was ignored. The high deposition velocity of the
C! aerosol could be explained by the chloride mainly consisting of sea salt which usually shows a larger

- . . e N
mass median diameter than NH," acrosol leading to deposition faster than V=1 mms .

In contrast to Run 8, Figure 12 demonstrates the case of aerosol formation which was more frequently
observed during the Halvergale experiment, as shown for Run 5. The relative humidity approaches
100% near the ground which Jeads to a small value of k,. Because of the high emission of NH;, the
equilibrium product exceeds its theoretical value (| NH,][HNO;]>k;) leading to aerosol formation to be
highest close 1o the surface, where the smallest value for k; and the highest for [NH;] can be found. In
order to balance the NH,* concentration measured, the reaction with HCI has (o be included in the
model. As the NO; and Cl gradient measurements show high scatier, the NH," gradients were used as

input and arbitrarily split into NOy" and CF.
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In medelling both runs 8 and 5 the reaction rate coefficients, k; (and in Run 5 also Ky}, was;ahered for
the surface flux of HNG; (or HCl) to match the predicted value, ie. -[HNO;1(z,)/R,, Ry being the
resistance of the laminar boundary layer (see Pfigure 11). A value of k; = & ppb™ s was found for Run 8
which results in 2 mean NH," formation rate of about 0,32 ng m” s’ The good mateh of the surface
flux of the acrosol indicates data consistency (see Figure 11). However, matching the ﬂuxas at z,
assumes no flux divergence to occur within the laminar boundary-layer. This assumplion was also made
by Kramm and Diugt (1994), but becomes doubtful considering that in Run 8 the dis-equilibrium was

highest near the ground,

cont. NH, [ppb] Aux NM, [ppb m s7')

4 € 8 10 12 14 D4l 018 Q16 0417 048 019

3 L L 1 L L i) 1 1

concentrations

fluxes

i
fiux dlverg enl;es ..

' : . \fj / S
T N o
N - \ j |
t Fod [ AN
Y. 1y
i .
|
1
|

: I
P
} I
_ | ] I\ -
£ S ' :
v | v |
| VoL j i
ap Yoo : I
1 :: L by P [ { !
i Vo ] / ,' R
o ool [ [l
Ll i / i .
g 1 ‘ .
it | Py f i
P ; | Lok j L
o : f.l IJ T E F L} .fl T T \ ( h : T I J T
a 1 2 3 002 001 000 000 002 003 -0.01 0.0 0.0
canc. (pab] thux [ppb m ) 4Frdz ppb 5]
" NHy ottt HRO,  —— NHNO, —— Hol — - NH,CI i
Figure 12. Model application to data from Halvergate, Run 5, showing aerosol
evaporation close to the surface, including the reaction with HCl. The flux vergence

is highest near the ground. I

The numerical model can quantitatively simulate GPC for both aergsol production and evaporation.
However, not enough runs are available to enable a full model assessment. The profiles of CI" and NOy
showed too much scatter to be useful. These uncertainties give room for interpretation which was used
to fit the models. Moreaver, the values for the reaction rate coefficients have been chosen so:as to fit the
model results to the data, . f

4.3.2 Requirements and plans for further data acquisition

For further model assessments it would be desirable 1o acquire more data of increased acculracy for the
aerosol specication (i.c. NH,NO,, NH,CL. Recent developments of automated sampling techniques for
all species under consideration {e.g. Wyers ef al., 1993; Khlystov ¢t al., 1995) will lead to statistically
valid input data. Temperature and retative humidity gradicnts have to be measured exactly: in order to
account for changes in k, with height. The ‘measurcment of aerosol size spectra at diffefent heights
“could also provide a means to detect aerosol!production and growth due to GPC and meashrements of
the size spectrum of NH,* ucrosol would enable the estimation of the chemical time scale iccording to

equation 71,

0.02
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5. MEASUREMENT OF THE CONCENTRATION AND FLUX OF AMMONIA AND OTHER
GASES ’

5.1 TECHNIQUES

5.1.1 Annular batch denuder

Automated wet annular denuder systems have been developed over the last ten years allowing
unatiended long term measurements of trace gases with time resolutions of 1 hour. The systems
employed here were designed by Netherlands Energy Research Foundation (ECN) and are described in
Keuken et al. (1988). An air sample 18 sucked through the annulus between two concentric glass
cylinders, which is kept small (1.5 mm) in order to obtain a laminar {low that allows gaseous but
prevents particle diffusion perpendicular to the air flow. Collection solution is pumped into the gap,
cotes the rotating denuder tubes with a water layer of 0.5 mm thickness, 13 extracted after a sampling
time of 40min. and pumped into test tubes, which can then be analysed. The sampling efficiency for
different chemical species depends on the collection solution used. An overview is given in Table 2,
The addition of a formaldehyde preservative is recommended to prevent bacterial nitrification during

storage.

ROTATING PART ( 20emi __l

Figure 13: The wet annular denuder tube [taken from Keuken et al.,, 1988)

Table 2: Overview of the sampling properties of some collection solution used in
annular batch denuders

coating captured | species:

solution NH, S0, HNO, HONO HC1 H,0-
potassium carbonate, K,CO; v v v v

sodium phosphate, Na;PO, v iz
formic acid, HCHO v v v v
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Experience 1n running annular batch denuders was gained by operating the denuder at 2 mea

suring site

in Midlothian, some seven miles south of ITE, for the LIFE project one day every week.

Concentrations batch denuder LIFE site 16-17/6/95, 16095
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Figure 14: Diurnal cycle of HNO,, HONO, HCl and SO, from 16-17/6/95 at|the LIFE
site as measured with a wet annular batch denuder showing the low concentrations
typical for this site. The 80, concentration measured independently by a TECO 438 gas
analyser is plotted as a comparison and shows reasonable agreement with the SO
conceniration measured with the batch denuder.

5.1.2 Continuous annular NH; denuder ;
: |

Ammonia gradients were measured using automated continuous NH; denuders with on-line

conductivity NH," analysis (AMANDAs) also designed by ECN (e.g. Wyers et al., 1993). They consist
of three annular dennders (see Figure 13), through which an acidic coating solution (3.6 mM NaHSO,
with formaldehyde preservative) is continucusly pumped. Switching valves alternately comnect the
outlets of the different denuders to a conductivity cell where the stripping solution is mixeq: with a 0.5
M NaOH solution forcing the NH; into it gaseous state so that it can diffuse through a PTFE
membrane into de-ionised water whose candui;:tivily is than analysed. T

5.1.3 Filter Packs

Filter packs are comnmon practice to measure the concentrations of particles and different gases
simultanecusly. Here 90 mm filter packs acccérding to the design described in Sutton (1990# were used
(see Figure 15) to simultaneously measure concentrations of NH;, HNO; and particulate NH{' Asa
high pressure drop over particle filters is known to enhance aerosol evaporation, which wouid
effectively lead 1o sampling of e.g. NH,NO; aerosol as gaseous HNOy and NH;, the bigger diameter
was preferred to the more common 47 mm to reduce the resistance and allow higher flow rates and thus

higher loadings. |
. |
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....... PTFE particle filter

perforated PTFE .
filter support .

funnel as
; optional rain
. . shield
H,PQ, impregnated WM 42 ; \.. NaF impregnated
for capturing NH; et WM 41 for
capturing HNO;

Figure 15: Outline of the filter packs used for sampling of aerosol and gaseous mitric
acid and ammonia.

Three filters were used in series which were:
1. PIFE particle filter:

PTFE membranes with 1 pm pore size by Micro Filtration Systems (MFS) and Cole Parmer (CP)
were used to capture particles. Because of their high price the Teflon filters were cleaned and reused
according to Sutton (1990). Extraction was performed by wetting the hydrophebic filters with 0.5 mi
iso-propanol followed by 20 min. extraction in further 9.5 ml de-ionised water on a wrist shaker.
The extract could then be analysed by anion chromatography for CI', NO5 and SO,”. Analysis for
NH," was performed using an ammonia flow injection analyser with conductivity cell (AMFIA)
designed by the Netherlands Energy Research Foundation (ECN). As GPC is likely 1o form new
NH,* particles it has to be shown that the filters are, despite their relatively large poor size, capable
of cfficiently collecting cven smail particles, A test was carried out using two optical particle
counters (OPCs) (see section 6.3) connected with each other by a filier pack containing only the
particle filter, Whereas all particles with diameters greater then 1 um were caplured, the sampling
efficiency for smaller particles (down to 0.1 um) was shown to decrease tor smaller particles and
higher flow rates. Although the MFS fiiters consistently showed a slightly better performance than
the CP filters (average collection efficiencies for a flow rate of 26.8 1 min”’ were measured as 99.9%
for the MFS and 99.7% for the CP filter) the error introduced even for the smallest particles
detectable by the OPCs (D,=0.lum) was negligibly small. Considerably damaged MFES filters,
which had been excluded from use by Sutton (1990}, showed still a satisfying but significanily size

dependent collection efficiency of more than 36% (see Figure 16).
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Coiiection efficiency of particie fliters as a function of particle size
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Figure 16: The gize dependent colle¢tion efficiency of PTFE particle filters by Micro
Filtratlon Systems (MFS) and Cole Patmer (CP) for the air flow rates of 6.5 and 26.8 1
min" also showing the effect of holes'in the membrane as measured using t o optical
particle counters in series.

2. Nitric acid filier;

For capturing HNO; Whatman 41 paper filters impregnated with 0.7% m/v NaF in an ultrasonic
bath following Andersen and Hovmand (1994} were placed between the particle- and the NH, filter.
The filters were analysed for NO; using anion chromatography and also NH,™ to éstimate the
collection of NH; by the alkaline NaF filter.

3. Ammonia filter

For capturing gaseous NH; Whatman 42 paper filters were impregnated with 1% m/v ortho-
phosphoric acid in an ultrasonic bath. Analysis was carried out only for NH," using the flow

injectton system.

Whereas the PTFE filters were dried in an oven (as any adsorbed gas can be expected do evaporate
immediately due to the high temperature) both impregnated particle filters were dried at room

lemperature in a clean chamber described by Sutton {19%0),
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6. EXAMINE 95

6.1 INTRODUCTION

A joint field campaign with participants from five European research institutes ook place in June 1995
near North Berwick in East Lothian, UK. The objective was to measure ammonia exchange over a ficid
of winter oil seed rape. Two ECN continuous wet denuder systems (AMANDA) were operated by the
university of MADRID and the Institute of Terrestrial Ecology (ITE) to measure six point NH; profiles
above and within the canopy. Three ECN batch denuders were operated to measure the concentration
profiles of the gaseous spccies HNQ;, HCl and HONO. ECN was also running two newly developed
steam jet aerosol collectors (described by Khlystov et af., 1993}, which were measuring NH," aerosol
concentrations. Two combinations of optical particle counters (ASASP-X designed by Particle
Measurement Systems, MFS) and sonic anemometers (asymmetric Selent s0nic anemometers) were
meant to measure size dependent particle fluxes at 2.27 and 4.74 m above the ground. The size
dependent chemical composition of the atmospheric aerosol was measured by a six stage Sierra
Andersen cascade impactor. Furthermore, surface and horizontal fluxes of NFH," were measured using
passive samplers; while up to ten filter packs were used to obtain more detailed gradients of particles,
HNO, and NH; within and above the canopy and to present an independent means for quality control of
the AMANDA measurements. SO, and CO, fluxes were detected by three point gradient systems using
a TECON 428 analyser. The micrometeorological conditions were estabiished by the means of a five
point wind profile (Vector Instruments), a Campbell bowen ratio systern and a combination of a
symmetric Solent sonic anemometer and a Campbell krypton hygrometer (KHzO) operating at a hight of
3.08 m.

During the hole campaign the meteorology was dominated by the centre of a strong high pressure
systern above the UK, which at its east side brought clean northerly pofar air over the sea into East
Lothian. During the first half of the campaign the wind veered briefly 1o the South and then to the West
causing periods of slightly higher aeroscl loadings and SO: concentrations towards the end of the

measurements,

Until now, the chemical and numerical analyses have only partially been carrled cut. The steam jet
ammoeniym samplers gave a first indication that no considerable particle gradient occurred - netther
within nor above the canopy. The cxpecied deposition velocity of about tmm 57 together with the low
concentration of below 0.7 g m™ might have led to concentration gradients below the resotution of the
equipment. However, a significant influence of GPC during the measurements can be ruled out, since
the clean polar air led to a low background concentration of HNO; so that its concentration product
with NH; probably hardly cver approached the equilibrium value necessary for particle production. As
the detailed HNO, concentration data are not yet available, dissociation products could not be

calculated for this report.
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6.2 AMMONIA MEASUREMENTS

6.2.1 Example for diurnal cycles of NH; concentrations and fluxes obtained by
annular denuders | i

Although the data have not yet completely been analysed, first results of both denuder and!ﬁlter pack
measurements of NH; are available. A typical diurnal cycle is presented for June 237 1995 in Figure
18, the micrometecrological data gtven in Figure 17. The wind direction was veering from the West in
the morning to the East in the afternoon with the wind speed too low to measure the wind direction in
the morning, but graduaily increasing to up to a moderate 2.5 m s' in the late afternobn. As the
remarkably smooth net radiation curve indicites, the sky was clear leading to very stablelconditions
during night and unstable conditions during déiy time. A negative latent heat flux (AE) during the early
morning hours (4:30-6:00 GMT) indicates dew fall at this time followed by a relative sudden
evaporation peaking at 7:50 GMT. The fact that at z,’ the water vapour pressure approaches its
saturation value suggests that this peak really presents evaporation, although it cannot be decided
whether this took place in the canopy or within the air chamber of the bowen ratio system. Poor
agreement was found between the sensible heat flux as measured by the bowen ratio syst. m and the
values given by the sonic anemometer for thif day, The agreement of the values for the wind speed at

1 m and u. of the two systems (not presented in Figure 17) was much better. |

On the other hand, reasonably good agreement was found between the two independent NH; denuder
systems. The NH; concentration shows a diurnal cycle with lowest concentrations at night. Whereas the
plume at 2:40 GMT might be due to a change in wind speed or direction the plume of up o 10 pg m-3
at 6 am (leading to a peak in the deposition flux of about 40 ng m™) was probably due to Epgricuhurai
activities on farms located SW of the measurihg site. Just after the dew fall the NH; flux changes from
deposition to emission - possibly first enhaﬂced by evaporation of the dew, later dominated by the
stomatal activity. The highest emission values of up to 100 ng m™ just before noon exceedéihc highest
numbers of 40 ng m™ found by Sutton (1990) over agricultural crop land by far. Although they also
represent the maximum emission found during the campaign, fluxes of +60 to +80 ng m™ were regularly
observed under sunny conditions. With decreasing concentrations in the evening the uncertainties in the

emission and the MADRID system showingideposition at 21:00 GMT. After 22;30 GMT, however,

fluxes and thus the difference between the systerns become larger, resulting in the ITE systim showing
both systems detect a deposition flux of about 20 ng m”. During the plumes the values of Vlfd are close
0 Va3, the maximum deposition velocity possible by turbulence, the ITE values being slightly above,
the MADRID value slightly below V... Deposition to water films, i.e. dew, might be the dominating

process leading to small canopy resistances.
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Figure 17: Micrometeorological data for the oilseed rape site of EXAMINE '95 for

23/6/1995
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Figure 18: Ammonia concentrations, fluxes, deposition velocities and canopy
resistances measured with two independent continuous wet annular denuder systems,
here specified by "MADRID" and "ITE". The raw concentrations are presented as 10 min
averages whereas all calculated values are presented as howrly running mehns of 10
min valies.
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6.2.2 NH; gradients obtained by filter packs

Filter pack measurements were carried out to assess the quality of the denuder and steam jet collector
measurements by independent measurements of the gradients of NH3, HNQ; and the aerosol species.
Whereas the particle and nitric acid filters have not yet been analtysed. Table 3 shows preliminary NHs
concentrations and fluxes which will have 1o be corrected by the amount of NH; adsorbed to the HNO,
filter. Some runs show significantly lower concentrations obtained with filter pack measurements (Runs
2, 3, 6, 7) which might be due to the high variability of the blanks of the batch of filters used for
capturing NH; during the runs [ to 7. The MADRID deruder system tended to show deposition when
both other techniques and the micrometeorological situation indicated emission (e.g. Run 5, 16}, More

work needs to be done to ¢compare the data of the different systems.
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Figure 19. Comparison of NH, concentrations and fluxes as measured with filter packs
and continuwous denuder systems

UMIST transfer report - Eiko Nemitz




68 The quantitative cffect of gas-to-particle conversion on ammonia fluxes

Table 3: Comparison of NH, concentrations and fluxes as measured with filter packs
and two independent annular denuder systems, here labelled 'ITE’ and ‘MADRID'.
Brackets signify figures obtained by averaging omnly over a part of the period as the
denuder system was not working contihuously,

NH, cone, (1my) MNH, flue {Tm)} vV, NH, (Im}
fug ) {ng m’s’} {mm 57}
wn] stat fime end | filter e Madricd | fiter IS Madrid | filter e Madirict
no. fime | pack denuder denuder| pock denude denuder | pack denud denuder
I3

1] 12/06/95 11450 133  (1.47) 6481 (34.05) -48.82 (-2:.{2)

o 1206005 1408 085 10 | 1984 500 2321 —Sé.ES

o r2oame s ass o b64 2506 1254 3318

4 12!{;6?;32 Z0:411 0.30 0.4i .49 -1.77 3.78 -6.37 579 226 13.00

5 13!53;32 06:48] 0.83 119 1.12 23.10 26,99 -27.85 | -27.82 ~22.;é] 24.76

o} 13![?:,-;32 11:39] 0.58 1.37 {1 8'8) 6.3 50.64 (27.62) | 5310 -37)05 (-14.68)

7 13{8:}3; 14:43] 0.46 1.07 1.38 534 45.08 23.90 -11.52 -42.23 2096
15 15;’(}{3}32 20:18] Q.51 0.55 0.46 12.68 i1.58 11.54 2494 -21.18 2525
16| 1 7!0};’3; 12:13) 1.88 2h 1.76 17.81 58.01 -48.21 2.47 —27153 27.39
17 17!35}82 1219 1.48 159 1.1@2 10.81 3.35 2.24 644 <21 -1.99
18 17!(1162:,;’22 18:30[ 1.93 1.51 HIS 24.35 7.68 ~1él10 -6.78
19 IQIE]]:);S; 12:49f 292 273 45.91 32.67 -1570 -11.95

20 IQIE:gj;gg 16:33] 2.44 19.58 -1A3

2 wm:;;}ég 2028 071 103 ol es 278 068  -2f

6.2.3 Within canopy profiles of NH;

As to estimate the source contribution of NH; both the continuous annular denuders and ifilter packs
were temporarily operated within the canopy to obtain profiles of up to 12 measuring Ie:ights. The
Lagrangian method developed by Raupach (5198921, 1989b} can be used to derive source distributions
from concentration profiles. This method also requires a paramelerisation of the Lagrangiah time scale
and the variance of the vertical wind speed component, G, as functions of height proving to be more

sensitive to the latter. Measurements of o, within the canopy were carried out using a sonic

within the

canopy must be expected to be very small even the higher sampling rate might not have resolved them

ancmormeter. The sonic was logged at frequencies of 10 and 22.8 Hz; here the curve obtainéd using the
“higher frequency shows less scatter and a rﬂlore consistent shape. As the mean eddy siz
alt. Above the canopy the ratic g,/u- approaches a value of 0.98 which is in disagreement with the

value of 1.25 reported in literature {e.g. Raupach 1989b).

The NH; concentration profiles show consistently high concentratiens at the ground due to
decomposing leaves which is positively cotrelated to the surface wetness. In general three distinct

pattern, shown in Figure 21, can be identified. During measurements at the (4™ and 15™:0f June the
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surface wetness was high and the rotting leaves were

the major source (a) and the canopy acted as a sink

EXAMINE '85: Within canopy profile of . . .
var(zyu" - Eddysc?iy P stitl leaving some NH; pass so that a net emission

as M

flux can be observed. The source/sink analysis and
the analysis of the apoplastic NH," concentration
will show whether the stomatal compensation point

25t was high enough to still control the net exchange.

Day mcasurements at the 21" and 22™ of June

indicate a sccond strong narrow source at the top

height of the canopy where the pods are (b). During

night time conditions deposition occurs and, as the

soil 1s wet (¢) high emission, originates from the

051 ground level. The upper layers of the canopy act as

an efficient sink for thc NH; both depositing from

0 ' ; ; the atmosphere and being emitted from the soil. In
a 0.2 Q.4 L] 0.5 1

—— case (d) a high NH; phame of SO pg m” passed the

site during the averaging period leading to a strong
Figure 20: Profile of o_/4. as measured

within the oilseed rape canopy at the gradient above the canopy which subsequently

EXAMINE '95 campaign. propagated into the top layers of the canopy.
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Figure 21: Within canopy profiles of NH, concentration measured with filter packs
{black dots), ITE denuder (white dots}] and MADRID denuder (grey dots). At the
beginning of the campaign the only major source of NH, were de-composing leaves at
the soil surface (a) the canopy acting as a sink still enabling net emission, Later on,
however, a second source was found in the pods at the top height of the canopy (b). At
night time conditions both deposition flux and ground emission fiux are deposited in
the canopy (c). (d) shows a night time period including a short plume of 50 ug m’
leading to a high deposition profile with subsequent propagation of the high
concentration into the canopy.

UMIST transfer report - Eiko Nemitz




70 The quantitative effect of gas-to-particle conversion on ammonia fluxes

6.3 PARTICLE FLUX MEASUREMENTS

6.3.1 Introduction

Two combinations of optical particle counteris (OPC), ASASP-Xs designed by Particle Mpasurement
Systems (MFS), and ultrasonic anemometers were employed to measure the size dependent particle flux
above the oil seed rape. The idea was to check whether any flux divergence occurred which could be
attributed to gas-to-particle conversion of NH; to NHy" salts. Some systematic errors in the set-up,
however, made it impossible for fluxes to be calculated, The absence of NH," gradienis indicated by the
steam jet collectors and the low HNO; back ground concentration suggest that no flux idivergcnce
would have been found. Nevertheless, a closer look at the particle data obtained is worth in ithf: light of

tmprovements tor future measurements. _ |
: !

6.3.2 Set-up

The asymmetric Selent sonic anemometers were mounted to poles of a height of 2.27 and 4.?3 m facing
west into the predeminant wind direction. The attempt was made to keep the particic counters
themselves sheltered in a cabin; this made aniinlet wbe of 13 m necessary. The set-up had tp fulfil two
requiremnents: Both particle losses and time ‘delay by the sampling tube had to be kept as small as
possible. The latter demands high gas flow rates, a fact which contradicts the small samplingiﬂow of the
OPCs used, ie. 2 ml/s. Although this has been done by connecting the inlet of the OPC to a high air
stream by a T piece (e.g. Neumann and den Hartog, 1985) iso-kinetic sampling is to be preferred,
especially if larger patticles are to be sampled. Here an iso-kinetic inlet as described and designed by
Hummelshgj (1993) was used (see Figure 22). It consists of a stainless steal cylinder, tap irecl at both
ends, through which a high air stream can bei drawn. The particle counter is connected to g small tube
that is centred in the cylinder and points upstream. The diameters of this tube and the cy!iinder were
chosen so that sampling could be expected io be sufficiently iso-kinetic for a sample flow of 2mis’ at
air flow rates of 30 to0 60 | min"'. An additional inlet further downstream acting as an underpressure
valve had to be added since the well balanced air flow system within the OPC proved having difficulties
drawing the sample against toc low pressure: In order to guarantee that a very narrow sample beam
crosses the laser of the OPC vertically and to prevent particles from entering the optical [system, the
ASASP-Xs make use of a clean sheath ﬂmwi' focusing the sample flow. The well functioping of the
OPCs largely depends on the ratio of these two flows and any disturbance leads to] immediate
contarmination of the optical parts which can be seen in a drop of the reference voltage V,;; indicating

power loss of the laser beam.

Anocther means 1o minimise losses of fluctuations of the particle concentration is to keep the air stream
turbulent (Lenschow and Raupach, 1991). This can be checked by considering the turbuleht Reynolds
‘number Re=VDyfv, V being the velocity of t[&c air stream, D the inner diameter of the tube and v the
.kinematic viscosity of air, which should exceed the critical value of 3000. A laminar flow leads to
smoothing of the signal and large residence times enhancing deposition of larger particlesi to the tube

walls. This is especially important for plastic tubes which tend to charge up and capture larger particles.
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For the EXAMINE campaign PYC tubing with a 10 mm bore was chosen. In order (o maintain a
sufficiently high flow rate despite the considerable resistance of the tube a strong pump had to be
employed. This high resistance also dropped the pressure in the iso-kinetic inlet which resulted in a high
flow rate through the underpressure valve. The flow rate through the valve was risen o 28.6 | min™

compared to 34.3 I min™* for the sample air steam,

Using these flow rates the Reynolds number was greater than 5500 and the time lag could be estimated

as about 2 5. The inlet tube was connected to the rear pole of the sonic cage facing downwards.

All 32 size channels (logarithmically spaced between 0.1 and 3 um diameter plus oversize channel) of
the OPCs were logged at 10 Hz using a data logger buiit by UMIST. The analogue outputs of the sonic
anemometers were also connected to the ADCs of the same data logger but 40 Hz signals were
averaged to 10 Hz as to filter out high frequency noise and reduce aliasing from higher frequencies, The

10 Hz data was then stored on adequately large hard disk drives.
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Figure 22: Outline of the iso-kinetic inlet designed by Hummeishej (1993).

6.3.3 Problems with the set-up
1) Zero drift of the analogue to digital converters (ADC)

Already during the setting-up it became obvious that the two sonic anemormeters connected [0 the same
ADC system, and thus using the same ground, interfered with each other leading to independent zero
drifts of the ADC channels. Mainly the logging of the vertical wind component was effected. Here a
small offset showed a great effect on small values and in the data analysis the vertical wind component
was used to detect deviations of the sonic from the vertical and to rotate the wind components
accordingly. Afterwards it was not possible to distinguish between a contribution to a mean vertical
wind component caused by misalignment from the z axis or by the ADC offset. The drift was too sirong

for regular zero checks to be used for correction. This problem could in future be overcome by logging
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the digital data from the senic anemometers directly instead of converting them into an analdgue signal

in between,
2) Charging up of the PVC tubing

walls. The

Over the time the PVC tubing showed visible' amounts of particles which had settled to its

use of metal tubing (copper or stanless steal} would prevent thesc losses of bigger parti(*:les due to.

electrostatic forces. The quantification of the losses due to the tubes needs further examination of

collected data and laboratory tests.

3) Sampling of the iso-kinetic inlets through the valves

The greatest problem, however, was caused by the choice of the flow rates for the iso-kh{etic inlets.
Although the underpressure valve was piaced downstream and the flow rate through the valve was less
than half of the total rate sucked out of the inlet by the pump the OPCs were measuring air e¢ntering the
iso-kinetic inlets through the valve as well as the sample tubes. Hence the measured fl ctuation in
'particle concentration was only partiaily re]:atcd 1o the change in concentration at theltite of the
anemometers partially related to changes at the surroundings of the OPCs themselves. This effect was
detected and examined using both OPC probes, the inlet of one (measured by probe 1) connected to the
valve of the other (measured by probe 2} so that the particle concentration of the flow entering the valve
and its effect on the reading of the concentration in the iso-kinetic inlet could be established | t the same
time. Now particle plumes were generated at the inlet of the iso-kinetic inlet no. L. Af there are
differences between the two probes in both sizing and sensitivity one has to be corrected to the other
which was done by sampling lab air and comparing the numbers of particles detected over a period of
10 min. The generated particle plumes contained a great number of bigger particles whereas their
concentralion of the lab air was very small giving a low background concentration of about 6 particies
ml” for particles with a diameter D> 0.35 um. Unfortunately the small numbers of countslin this size
range led to an inaccurate comparison of the probes in this size range. As it will become obvious from
the results more calibration work is necessary in order to be able to interpret the ratio of the plumes

measurcd as an absolute number. Until now it is only an indication of the magnitude of co‘ltamination

caused by the valve.

Figure 23 shows a typical response in the iso-kinetic inlet ro. 2 using the flow rates used during
EXAMINE ‘95,

For the comparison of the magnitude of the plumes the area under the peaks was used rat et than the
peak height. This was done by subtracting thei mean background concentration and integrat:ng over {he
peak. Comparison of the background concentrations showed probe 2 was Dvercsti!mating the
concentration by less than 10%. However, using higher flow rates probe 2 was detecting up to three
times as many particles as were introduced through the vaive. Thus although the calibration of the
probes seems appropriate for low concentrati:?ns it is not valid for high concentrations, Figu:e 23 shows
a clear response of probe 2 and a comparisonisuggests that probe 2 is reading 93% of probe‘}. This test
was done using different flow rates and manipulations of the iso-kinetic inlet. The results are

semmarised in Table 4.
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Figure 23: Sample of the contamination caused by the valve of the iso-kinetic inlets
for flow rates as used during EXAMINE '95

Table 4: The magnitude of the response to contamination through the valve for
different flow rates and set-ups.

description valve flow | sample flow | ratio response (not to  be

[l/min] [Ymin] sample/valve interpreted  as  absolute
flow percentage)

as used at EXAMINE ‘95, [ 28.6 343 1.2 93 %

inlet tuhe 13m

higher flow rate 59 61 1.03 287 %

lower flow rate 11 04 0.85 8.1 %

valve narrower 5.7 56 9.9 below detection limit

valve inlet bent downstream, | 28.6 343 1.2 2.8 %

{0 cm long

no inlet tube 5.7 56 92 below detection limit

3m inlet tube 11 43 4.2 65 %

The tests lead to the following results:

a) The contamination increases with the valve flow rate rather than with the ratio of valve to sample

flow rate. Although the valve flow rate exceeded that of the sample when a smaller pump was used

it caused a lower contamination. In order to establish the accurate reason the stream line pattern
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within the iso-kinetic inlet would have to be modelled. Obviously, more backward tun_Lbulence is

generated by higher valve flow rates.

b) Using the pump and the tube material used during EXAMINE ‘95 even an inlet tabe of 3 m length
leads to a resistance sufficiently high to ingrease the valve flow rate to 23% of the sample flow and
|

causing a contamination respoase of 6.5%..;
&L sampling

¢) Without modifying the iso-kinetic inlet either the sample flow rate or the resistance of
1nbe has to be decreaged. Since the latter would mean the use of a wider or shorter inlet tubes both
demands contradict the purpose of iso-kinetic sampling, which is to enable the use of long inlets

with high flow rates thus short transport times,

d) Two modifications of the iso-kinetic inlet have been tried: Firstly, the valve was exten : d into the
iso-kinetic inlet and the tube bend approxi:'malely 10 cm downstream. Surprisingly, this still led o a
detectable contamination using the flow rates of the EXAMINE ‘95 campaign. Secondly, the valve
was partially blocked decreasing the valve flow from 85% to 10% of the sample flow. Here no
contarnination could be found anymore. However, the pressure in the iso-kinetic and inlet dropped
and, as expected, the reference voltage of probe 2 decreased by 0.4 V. A long term run is necessary
to show whether the probe still performs: sufficiently well under these conditions or \;*Jheth@.l' the
disturbed flow pattern causes contaminatién of the optics of the OPC especially if opcra#éd in dicty

surroundings.

Finally it should be mentioned that both iso-kinetic infets used showed the same features. Iso-kinetic
inlet § showed a response of 93% where iniet 2 showed 91% contamination. Hummelshgj (1992} used
an identical iso-kinetic inlet connecting the valve to the exhaust of the OPC. This way the whole system
of the OPC operates under low pressure and the pump does not have to overcome the i'g pressure
difference. Moreover, the air flow through the valve equals the small sampling flow of the QPC (about
2 mi s7) and its concentration that of the air sampled. This set-up was tried in the field during
EXAMINE ‘95 but led to a considerable drop in the reference voltage 2lthough Hummelshgj (1992)
used a similar set-up (15 m Teflon tubes, 11.5 mm bore, flow rate 30 1 min™"), A possible reason might
be the use of a diaphragm pump during EXAMINE ‘95 causing a pulsing air stream not only through
the iso-kinetic inlet but also within the OPC., ‘ |

|

4) High frequency contamination by the use of a diaphragm pemp !

The effect of the diaphragm pump became obvious while measuring the time fag caused by the inlet
tubes with a set-up where both iso-kinetic inlets were connected by ane of the inlet mbes and the time
for particles travelling from one sensor to the other was measured. Figure 24 shows SuChJ a response
curve, The signal measured by probe 2 seemis to be superposed by a 5 Hz oscillation. As [inlet 2 was
directly connected to the pump (tube length about 1.5 m) here the vibrations were not dz.mLcd as they
were at infet I connected by the 13 m tube. Moreover, inlet 1 being open to the ambiént air enabled

rapid reactions to pressure changes again damping the oscillation.
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Figure 24: Measurement of a particle plume passing through both iso-kinetic inlets
connected by inlet tube 2 in order to measure the time lag. Probe 2 shows
contamination by superposed 5 Hz oscillation of the pump,

This § Hz frequency should also appear in the power spectrum of the particle concentration. Figure 25
shows the spectrum for the vertical wind component, w, temperature and particle concentration for
diameters below 0.7 pm calculated by the application of a fast Fourier transform routine 1o 32,768 data
points representing approximately 55 min. The power of the frequencies was then averaged over 60
intervals equally spaced on the logarithmic ordinate leading to high scattering for low frequencies (few
values per interval) and a smooth curve for high frequencies. For additional smoothing several
subseguent 55 min periods were averaged. The curves for w and T show the features found by other
authors (e.g. Fontan et al., 1995; Neumann and Hartog, i9835) apart from relatively high low frequency
contributions for the variance of temperature. But both authors do not consider such low frequencics
and the change in temperature within an hour can be significant. The power spectrum of the particle
conceateation is expected to have a higher low frequency contribution than the one of w and T but 1o
approach their shape at higher frequencies. The measured spectrum, however, shows a very high
contribution of high frequencies, especially of a frequency of about 4.7 Hz maiching the shape of the
response curve in Figure 24. Usually frequencies are normalised by multiplication with zfU in order to
enable intercomparison of data acquired at different meteorclogical conditions. This leads Lo a shift
along the ¢rdinate by In(z/U). This was, however, not done for the representation of Figure 25 as o
show that the particle concentration spectra match accurately for higher frequencies which should,
neglecting the shift, not be the case. The high frequency contribution could represent white noise due to
the measuring probe or just the statistical distribution of the particles (see Neumann and den Hartog,
1985) but the peak at 4.7 Hz is certainly due Lo the sct-up- In contrast, the curves for the power specira

of w and T as measured at 2.27 m do not match the curves of 4.73 m (not shown in Figure 25).
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Figure 25: Power spectra of veriical wind component, temperature and particle

concentrations for diam, D <0.7 ym for probe 2 at 4.74 m for the 22/6/95. The power
spectrum of the particle concentration shows a high contribution of both low| and high
frequencies which is independent of the measuring height, hence the meteprological

sitnation.
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Figure 26: Co-spectira of wT and wy for both heights. Whereas the co-spectra for wT
show expected shapes w and ¥ do not seem to be correlated. Note that the contribution
of the frequencies to the flux is shifted towards higher frequencies closer to the
- canopy reflecting the small mean eddy size

From the considerations so far it is questionable that the measurements are good enough lto calculate

particie fluxes and deposition velocities. A better indication, however, can be given by looking at the
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co-spectrum of vertical wind component, w, and the particle concentration, ¥. Again a fast Fourier
transform was used taking the time lag into account. Once more the co-spectrum of w and T shows the
expected shape. Despite the correction for height and mean horizontal wind specd by rescaling the
ordinate the curve for the lower measuring height (2,27 m) is moved towards higher frequencies with
respect to the curve for the higher height (4.73 m), Closer to the crop height we can expect the mean
eddy size to be smaller, Vertical wind speed, w, and the particle concentration, ¥, do not seem to be
correlated whalsoever, the chart shows random scatter. This is the most significant sign for the particle
data to be too contaminated to obtain reliabie fluxes. Hence it does not scem reasonable to fook at the

data in more detail .

6.3.4 Suggestions for further measurements

The following alterations for further measurements seem advisable:

1. If two Solent sonic anemometers are to be logged at the same time the digital signal should be used

to avoid interference of the two ground potentials,

2. Taking the OPCs out into the figld and placing them into boxes close to the sonic anemometers and
using thin metal pipes and only the sample flow of the pumps of the OPCs would solve all the other
problems at the same time. Metal pipes do not charge up and attract the particles. Drawing the
sample from the sonic height 1o the OPC ysing the built in pump of the OPCs leads to bigger ume

lags which have to be corrected for but does not demand the use of iso-kinetic inlets at all,

3. Alternatively, the valve has 1o be partially blocked reducing the air flow passing it. It has to be
checked, however, whether this effects the flow within the OPCs, The use of a pump producing a
smooth air flow instead of the diaphragm pump or damping of the oscillation by connecting the
pump to the iso-kinetic inlet via a large air volume might enable the exhaust of the OPC o0 he
connected to the valve which would overcome the contamination problem. Siill it seems advisable to
ust metal pipes which would neither be easy to handle nor cheap if in the dimensions of the {nlets

used.

6.3.5 Estimation of the time lag caused by the inlet tubes

In order to calculate the particle flux by eddy correlation methods it is necessary to synchronise the
reading of the sonic anemometers and the OPCs. A phase shift of a few seconds has been estimated Lo
lead to an underestimation of the flux. The time lag causcd by the travel time of the air through the inlet

pipe was estimaied in three dilferent ways:

1. The dimensions of the tube and the iso-kinetic inlets were measured together with the flow rates.

The mean tesidence time could be caloulated. This method is referred to as the ‘theoretical method’.

7. Two iso-kinetic inlets were used in series, connected by the inlet tube under consideration. Particle
plumes were send through the tube and the time delay detected by the OPCs (see Figure 24}. As the

travelling volume was increased by the part of the first iso-kinetic inlet behind the OPC sample tube
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the time had to be corrected using the flow rate and the volume of the rear part of the isc-kinetic

infet. This method is thus been called the ‘semi experimental method’. i

3. And finally the time lag was tried to be calculated from the data, This was done by calJulating the
cross-correlation coefticients for a range of time lags {1.2-2.5 5) by spectral analysis methods. 4096
data points were wsed. In order to condition the data it was de-trended, the first and last 2.5 s were
replaced by zeros (zero padding) and data windowing using a Hanning window (e.g. Press et al,
1992) was applied to the rest of the data. The Fourier transform was calculated for both he data for
the vertical wind component and the particle concentration. Now one transform was multiplied by
the complex conjugation of the other and an inverse transform was applied to the result giving the
correlation factors for the different time lags. The greatest modulus of the values within the time
range under consideration was chosen as the time lag. However, since the correlation between w and
¥ was too poor this methed leads to random scattering, the average time lag of 1.83 s being close to
the mean of the interval taken into account (1.85 §), whereas the cross correlation of w and y shows

a clear maximum for zero time lag. This is shown in Figure 27.

Despite the systematic errors in the set-up Figure 28 shows particle concentraiion and calculated
deposition velocity for June 22", The particle concentration represents 10 min values of the measured
concentration of particles with a diameter less than 0.8 um (channels 1-20). The depositio . vetocity is
presented as an running hourly mean of 10 min values with positive values indicating de:Lsition and
shows a fluctuation around zero which is neither correlated to the time lag automatically caleulated nor
the friction velocity u. again proving the inadequacy of the set-up. The particle concentration shows a
smooth curve with higher concentrations during day time. Here it must be suspected that not only the

particle concentration at the inlet height but also in the cabin around the iso-kinetic inlet is refflected.

07

cormeliw, X}

time (ag [1/1) gac.)

|
‘Figure 27: The cross correlation for 'wT and wy for different time lags calgulated by
spectral analysis. A clear maximuin for the correlation of w and T can be seen for zero

time lag whereas w and x do not show a significant extremum in the region of 1.5 to
2.5 s the time lag caused by the sampling tube.
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Figure 28: Ezample of the calculation and deposition velocity of particles with a
diameter of legs than 0.8 pm measured at 4.73 m. The concentration is plotted as 10

min averages, the deposition velocity as 1 hour running means.
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7. SUGGESTIONS FOR FURTHER WORK
7.1 DATA ACQUISITION

7.1.1 Simultaneous measurements of the gradients of NH,, gaseous acids and
aerosol

The GPC models require either the input of concentrations at two heights or the input of concentrations
at one height and a description of the surface conditions including the values for Ry, and R, as well as
the surface concentrations of the tracers, especially NHj. If the tirst method is used the concentrations
have to be measurcd very accuratcly and the fluxes have to be extrapolated lo the surface whereas the
second approach requires good knowledge of the processes of the atrnosphere/surface exchange and the

physiological state of the plant community.

The measurements carried out during the EXAMINE 935 campaign, ie.

- automated concentration measurements of NH,, NH,*, HNO,, HCI and H,SOQ, together with

- filter pack gradient measurements of CU, NOy and SO,7 and

- measurements of both the flux and chemical composition of pariicle of different sizes and
explich determination of the canopy compensation point by analysis of the intercellular liquid

would potentially have provided good input data for the models if GPC had taken place at this site.
Although this site might be represeniative for Scotland and GPC might eventually be found to have a
negligible ctfect in this area, it seems advisable to make measurements in extrerne situations. High
background concentrations of HNO; and HCI and strong NHj gradients would enable examination of
GPC processes and reaction kinetics without being too much restricied by the detection lmits of the
analysers. From the experiences gained during EXAMINE ‘95 and treating the Halvergate ‘39 data the

following conclusions and suggestions for further data acquisition must be drawn:

1. The concentration of the different chemical species should be measured at the same height in

order o provide good input daa.

2. Recent developments in measurcment techniques of measuring particie fluxes of different chemical
composition enable continuous antomated aeroso! measurements alongside automated
measurements of NH, and HNO, and HCL using AMANDAs and batch denuders, l'espectiveiy.
Attempts are being made by ECN to connect a ion-chromatography system to the steam jet aerosol
collectars. This wounid be a major improvement for measurements in situations where both equilibria
with HNO; and HC1 have to be taken into account since in this case modelling requires the input of
the concentrations of both particulate NOy and Cl° so that bulk NH," concentrations are not

sufficient.

Although fluxes of nitrate and chloride aerosol might be estimated by filter pack measurements

L)

the results are not accurate enough to use the concentrations detected at two single heights as

model input.
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4. A high background concentration of the acids is desirable so that the effect of GPC becomes

more signiticant. '

5. Measurements should be carried out for both strong ammonia deposition anJ emission
situations. Equilibrium considerations have indicated that the processes are quite different
depending on whether the in-equilibrivm is driven from the ammonia release at the surface or from

insufficient mixing in the atmosphere.

6. Temperatare and humidity have shown!te have a great impact on the reaction rates and kinetic
constraints. Measurements should be carried out over a big range of both variables and their values

has to be established as accurately as possible (see problems with Halvergate data).

7. Direct measuremenis of the canopy compensation peint can increase the applicability of the

inferential models, i

8. Particle size spectra of NHNO, and NH4CI and the acrosol composition are impj&rtant as o

estimate the chemical time scale and thus the importance of GPC.

Plans are being set up 0 make measurements over grazed grass fand in the Netheriands in spring 1996
as a part of the EXAMINE project. Measurements at the site under consideration have shown average
NH; concentrations of 5 tig m™ and equally high HNG; concenirations can frequently be fTund during

the summer months. It should be possible to consider all the issues mentioned above.

7.1.2 Particle fluxes

Size dependent particle flux measurements can give indications of quality and quantity of the formation
and evaporation processes of NHNO; and NH,Cl aerosol if done at different heights| Thorough
investigations in possible sct-ups have been described in section 6.2 and during a short field campaign
in Oclober 1995 at Conraf’s Quay, UK, the suggestions will be tested. It is planned to log the digital
signal of the sonics and to test two different set-ups. .
|

1. The OPCs will sample the air using their dwn flow rates of 2 ml sec through a short copp]er pipe.

2. The iso-kinetic inlets will be operated in a set-up where the under pressure valve is connected to the

exhaust of the OPC.

The aim is to find an adequate set-up which can then be used during further field measurements in
_summer. The quality of the set-ups can now quickly be established as computer prograts for both
examination and flux analysis progrmnmcsiare ready for use. However, the lowest sizg range the
ASASP-Xs can detect, 0.1 pm, might be to large to detect particle formation and ngOWth. Thus
differential mobifity analyser (DMAs), which often can scan the size range from 1 nm to 1 Jm, might be
more suitable. However, their time resolution is limited to a few minutes so that fluxes cannot be

measured by eddy correlation methods,
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7.2 MODELLING

7.2.1 Assessment of the models by measured data

HALVERGATE;

First conclusions obtained by applying GPC models to data collected in 1989 at Halvergate have
been reported. A poster on this subjcct has becn presented at a conference on NH; and a paper
version is being submitted to the conference organisation team and will be published in a ‘poster
book’. As some HNO; data have not yet been included the analysis of the Halvergate data will be
extended and and an expanded paper, also outlining the model changes described above, will be

submitted to a refereed journal.
EXAMINE:

As this work is founded as part of the EC EXAMINE project some time wili be spent on the
chemical and numerical analysis of the EXAMINE '85 campaign. Although it is unlikely to extract
useful model input data, experience in NH; flux measurements will be gained. Further insight in the
processes of the surface/atmosphere exchange of NH; will improve the formulation of the lower
boundary conditions if GPC models are run with the input of concentrations at only one height.
Furthermore, the concentration products of NH;y and the HNO; {or HCl) will be caiculated and

tested against theory.

Work will include setting up an ion-chromatography system at ITE for analyse the particle and
HNO; filters, the analysis itself (anion-chromatograph, NH," flow injection), calculation of NHj,
80, and CO, fluxes, derivation of the source/sink distribution of NH; in the cilseed rape canopy and

the development of models describing the exchange process.
LIFE:

Again this site might not have produced adequate input data but the calcuiation of the concentrations

products can give further insight into restrictions of the equilibrium formation.
ADEPT:

During the ADEPT campaign in May / June 1995 in Devan, UK, the NH; emission from slurry
stripes and its dispersion have been examined by measuring horizontal gradients downwind and
vertical fluxes at different distances from the source. As NH,* and HNO; concentrations were
measured at the same time this data might include some information about the reaction rates. First
results have shown that HNOs was not depleted by the large emission of NH; as expected from
equilibrium consideration, but was emitted by the sturry itself. The specific chemical production
process is still unclear, Furthermore, here two time scales associated with great uncertainties interact
with cach other: the time scale of the diffusion and that of the chernical reactions. Since the time
scale of horizontal diffusion is much smaller than the time scale of vertical diffusive iranster,
changes in NH;" acrosot and HNO; concentrations might be below the detection limit. Nevertheless,

this data set is worth looking at.
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5. LEENDE:

Similar to the Haivergate experiment, simultaneous measurements of NH," (unfortunately not NOy
and CI' seperately), NH;, HNG; and HCl were cartied out in 1982 at a site at Leende, NL. As
countergradients of NH4" and high deposition rates of atmospheric acids was found thi% dataset is

likely 1o include further input data which will be looked.
6. Simulated data:

Duyzer er al. (1995) used modelied data as input for NO, models. This way problems of data
acquisition can be overcome. However, it has to be checked whether accurate encugh NH; data can
be produced this way (since NH, is governed by small scale transport) and whether the transfer from
mode{ data to the ‘real world” and the application of the results to measurement data would be valid.
Without putting too much emphasis on ithis approach simulated data might be used for inter-

comparisons.
7. Further data:

Literaiure will be searched for further adequate input data. Field campaigns especially aimed to

provide model input data will be set up during the next year. i

7.2.2 Specification of the reaction rates

More work is necessary as to establish the magnitude of the equilibrium constants and the reaction
rates. Measurements of the concentration product [NH;][HNO;] have shown too high values for high
relative hamidities and low temperatures. If this is due to GPC it should be possible to sde the same
effect in the model results. Particle flux meagurements could give indications for how the gerogol size
and composition effect the dissociation comstant. Some more information can still be Irawn from

literature on this issue.

If consistent input data were used and if the models were correct the reaction rates would remain the
only unknewn. Changing the reactior rate coefficients k, and k; until the interpolated concentration
protiles at the surface match the values calculated from inferential data the reaction rate coetfﬁcients can
be determined. So far the sociation coefficients have been kept constant and k; and kTJhave been
calculated according to the value of k, and the equilibrium aeroscl concentration (as suggested by
Kramm and Diugi, 1954). However, this approach might not be comrect as k; and k; could tﬁhange with

height as well New parameterisations need o be found.

7.2.3 Inclusion of reactions with H;SQ, and possibly SO,

The description of the chemistry of gaseous!@NH3 is not yet complete. The criticism of Duyzer et al.
{1995} that models for the reaction cycle of NO, introduce a bigger error than the application of the
uncorrected gradient method probably also applies to NH; in many situations. The Halvergate dataset
shows sttuations (c.g. run | and 2) where the NH," on the particle filters exceeds the sum of NO', CI'

and SO, significantly. The relatively high levels of SO,* also indicate that the reaction ?'vi:h H:S0,,
|
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probably formed as a secondary product in situ, needs to be considered - not as an equilibrium process
but as a further sink for NH;. As mentioned before high NH, concentrations rise the pH enhancing the

oxidation of $C,. This process needs to be looked at in detail.

7.2.4 Further model intercomparison, determination of the surface conditions

As discussed in dctail before, the conditions of the concentrations at the surface are not well
understood. The theory that there must be equilibtium at the surface has to be looked at and in this
process it is worth including the transport through the quasi laminar sub-layer into the models. Though
shallow, trapsport mechanisms differ immensely in this height region and in the case of NH; emission
high surface concentrations might give rise to high deviation from equilibrium. It might be worth
considering muiti-layer models and the effect of locally high humidity gradients in the vicinity of the

stomata.

As soon as appropriate input data are available the inferential approach has to be tested against the two

point boundary approach which might give further information about the surface conditions.

7.3 EXAMINATION OF THE PROCESSES GOYERNING THE FORMATION OF AEROSOL IN
GAS-TO-PARTICLE CONVERSION

The formation of NHsNO; by the reaction of NH; and HNO; can happen in the gaseous phase, at the
surface of solid or in the aquecus phase within liquid aerosol. Depending on the mechanism new
aerosol is either formed which might be in the size range of tenth of nm and could rapidly coagulate
forming bigger aerosel or present aerosol must be expected to grow. Measurements of the size
dependent particle flux at different heights could decide on which process dominates in which

conditions.

This information is important as to help esumating the reaction rates because Mozurkewich (1993)
found the equilibrium constant to depend on the aerosol size. Gas-to-particle conversion might also be
one of the most important sources of new acrosel within the atmosphere and its magnitude is interesting

for estimating the effect on the production of cloud condensation nuclei.

7.4 FORMULATION OF CORRECTION PROCEDURES FOR AMMONIA FLUXES
MEASURED BY GRADIENT METHODS

In the presence of GPC the NH; surface {Tux cannot be measured by common gradient methods. Direct
methods (¢.g. eddy correlation methods) require fast sensors which have not yet been developed for
NH,. Therafore, it must be one of the final aims to formulate recipes for correcting NHy fluxes for the

etfect of GPC so that the ‘true’ surface flux can be estimated by gradient methods.
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In the best case this cotrection would be an analytical expression. Alfthough such a solution has been
found for the NO, cycle it has been reported not to be very accurate by Duyzer e al. (1995) it is

unlikely that an analytical solution can be fourld for the concentration profiles of NH;.

The second alternative 13 a model of the form presented in this report which takes all major factors
(chemical species, effects on the equilibrium and reaction rate consiants etc.) into account and is

implemented in as fast an algorithm as possible to make it applicable.

From a analytical and mathematical point of view a semi-empirical correction as also presented by
Duyzer er al. (1995) for NO, is least satisfactory. However, because of the complex n ture of the
equilibria it might be the most accurate way ta correct for GPC. Derived from artificially generated data
and for the NO, cycle the validity and adoption of such an approach needs to be tested. Whereas the
flux divergence was expressed by a logarithmic function in the case of NO, the shape lof the flux
divergence of the NH; flux iargely depends on the surface conditions and gradients of temperature and

relative humidity which has not yet been sufficiently estabiished.

7.5 ESTIMATION OF THE QUANTITATIVE INFLUENCE OF GAS-TO-PARTICLE-
‘CONVERSION ON THE EXCHANGE BUDGET OF NH; IN THE UK

Work is being done to map NH; sources at an increasingly finer grid resolution and to? model the
transport and deposition of NH; in the UK. As in the case of gradient methods the effect of gas-to-
particle conversion has so far been neglected. Depending on the correction expression found according
to the section before this model has to be overlaid with the necessary data to include GPC correction.
This couid mean that concentration data for NH,* as well as HNO5 and HCI or even their fhixes have to

be mapped and that daily and yearly lemperatyre and humidity cycles have to be estimated.

As the influence of GPC might lead to an underestimation of deposition fluxes of 10% ang more this
correction is important to correctly evaluate the exceedance of critical loads of N into different

ecosystems.
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