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ABSTRACT

On the basis of a comprehensive series of measurements on the Irish Atlantic coast, an extension of the Navy Aerosol Model
(NAM) for the coastal zone is proposed. As in NAM. the dependence of the aerosol concentration on meteorological
parameters is parameterized using empirical coefficients. The effect of continental aerosols present in the coastal zone is
modeled as a function of fetch. A reasonable agreement is found between the model and the aerosol size distributions as
measured on the island Inisheer
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1. INTRODUCTION

The assessment of electro-optical (EO) systems with propagation prediction codes requires accurate atmospheric models. In
particular. the performance of EQ systems is appreciably affected by the scattering and absorption of electromagnetic
radiation by aerosol particles. The prediction of the aerosol extinction depends on the accuracy of the aerosol size
distribution model. The model that is most frequently used for the prediction of aerosol concentrations and the effect of
aerosols on extinction in the marine atmosphere is the US Navy Aerosol Model (NAM)'. Although the NAM predictions
show a good agreement with aerosol concentration measured in open ocean,2 experimental evidence shows that the
reliability of NAM is significantly reduced in coastal areas.1

The difficulties of modeling the aerosol concentration in the coastal zone are confirmed by the analysis of data collected on
the island Inisheer (Aran Islands. Ireland) west of Gaiway Bay on the North Atlantic coast. As an example. Figure 1 shows a
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Figure. 1: Comparison between the average
size distribution measured on the island
Inisheer at 10 km fetch for a wind speed of
0 mis (dashed line) and the calculated
distribution using NAM (solid line) with an
air mass parameter of 7.
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Figure 2: Area map of the Irish West coast
and the island Inisheer (center of wind
rose), showing the four wind direction
intervals included in the present analysis.

comparison between the average aerosol size distribution measured at a wind speed of 10 mIs and 10 km fetch and the
calculated aerosol spectrum using NAM.

In this contribution, an analysis is presented of the Inisheer data set showing the influence of fetch on the aerosol size
distributions. The fetch dependence is subsequently parameterized as an extension of the NAM equations and replaces the
air mass parameter in the model. This is an alternative approach to include the coastal effects in a model for the optical
properties of the marine atmosphere. As in the original model, the input consists of readily available meteorological data,
which facilitates the use of the model in operational conditions.

2. FIELD SITE AND INSTRUMENTATION

Particle size distributions and meteorological parameters were measured on the island Inisheer, situated off the west coast of
Ireland (10° 35'. 53° 27'. see figure 2) during two periods of 4 weeks each in September 1994 and August/September 1995.
The aerosol counters and meteorological sensors were located at 30 m height on the light house at the south tip of the island.
Size distributions in the 0.1-21 pm radius range were obtained using two Particle Measuring Systems classical scattering
spectrometers: a CSASP-200 and a CSASP-IOOHV. The data accumulation period was 1 minute. and the data was stored as
the average over a 10-minute interval. Polynomial fits of l (Junge) and 5th order in log (dN/dD) versus log (D) space were
made to the distributions to facilitate the analysis. Prior to the experiments, the probes had been calibrated with particles of
known sizes.
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The area map (figure 2) shows that the fetch varies from circa 6 to 30 kilometers for wind directions between 300° and 160°,
whereas the I 80°-270° wind direction interval corresponds to open waters (Note that the map in figure 2 is rotated with
respect to the North). Since !èch is ill-defined for this direction, we use the equation given by Hsu8 to determine an upper
limit of the fetch for the I 80°-270° interval:

< 20300 (1)U-

In equation (1). X is the fetch in kilometers. U the wind speed in rn/s and g represents the acceleration of gravity. Using the
mean wind speed measured for the I 80°-270° wind direction interval, this equation yields a maximum fetch of about 200 km.
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Figure 3 : Concentration/wind speed relation for the 2.5 im particles for 200 km fetch.

Although this fetch is somewhat arbitrary, the exact value is not very important in this analysis. It was verified that the
results of the analysis did not change significantly when a substantially larger fetch was taken.

3. CONCENTRATION/WIND SPEED DEPENDENCE WITH FETCH

The analysis was initially focused on particles of 2.5 trn radius. This radius was chosen because these particles are
predominantly of marine origin5'9 and are therefore suited as tracers for the influence of fetch on the production of marine
aerosol. To determine the effect of fetch on the aerosol concentration, the data was grouped in four wind direction intervals,
each corresponding with a particular fetch.

It is well-recognized that the concentration of sea-spray aerosols is primarily a function of wind speed. Often, a simple
logarithmic relation between the particle concentration N and wind speed U can be obtained:'0

LogN=aU+b (2)

As an example, figure 3 shows a logarithmic-linear plot of the particle concentration versus the wind speed as observed for a
fetch of 200 km. Similar plots were made for the other fetches, and the results of the linear regressions of the
concentration/wind speed dependence are reported in table I.

TABLE 1: Slope and intercept of the concentration/wind speed dependence (Log N=aU+b) for
2.5 tm particles for different fetches

Wind
direction

Fetch (km) Slope Intercept Number of samples Wind speed
interval

75- 85 10 0.020 (±0.009) -1.98 (±0.085) 56 5-11
45- 55 15 0.042 (±0.017) -2.08 (±0.093) 1 10 2- 8

320-335 22 0.085 (±0.01 1) -2.15 (±0.060) 255 4-10
240-260 200 0.105 (±0.006) -2.31 (±0.060) 175 1-14
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Each fetch in table 1 strictly corresponds to a rather small interval of wind directions to be representative of a precise fetch
length. The data used in each of the concentration/wind speed plots spans various days of the experiment and a range of
wind speed values, including low wind speed periods. Therefore, we feel that the slope is representative of the wind speed
dependence and that the intercept represents the concentration when the wind speed approaches zero. The standard deviation
for the intercepts for short fetches is larger than for longer fetches. This may be indicative of local sources ashore
for which the source strength varies in time. A similar behavior has been observed in the Mediterranean coastal

A comparison of the individual slopes in table 1 shows that the increase in slope between the 15 and 22 km fetch seems
rather large in view of the 7 km increase in fetch. A possible explanation may be that the air mass arriving from the 32OO
3350 wind direction has actually traveled a longer distance over water than 22 km due to air masses arriving from the remote
North Atlantic taking a more Southerly course following the coast. In the absence of air mass trajectories, this cannot be
verified.

The main result of the present analysis is that the concentration/wind speed relation shows a monotonous variation of the
slope and the intercept with fetch, as evidenced by table 1 . However, the dependencies of slope and intercept on fetch are
opposite. The slope increases with fetch, whereas the intercept decreases. This behavior of the slope and the intercept is
consistent with the mixed origin of the particles in coastal areas.5'7 The production mechanisms of sea-spray particles
become more effective at higher wind speeds, resulting in larger concentrations over water. On the other hand, the over-
water concentration of land-originated particles decreases at higher wind speeds due to dilution by faster dispersion'2 and
enhanced turbulent deposition. The actual behavior of the aerosol concentration as function of wind speed results from the
relative contribution of marine- and land-originated aerosols. For larger fetches, the marine-originated particles prevail
resulting in larger slopes of the concentration/wind speed plots. For shorter fetches, the land-originated particles prevail
resulting in larger concentrations at low wind speeds and hence, larger intercepts of the concentration/wind speed plots.

Figure 4 shows the four regression lines for the four fetches. The figure shows that for a given wind speed larger than about
5 m/s, the concentration of 2.5 im particles increases with fetch. The lower limit of 5 rn/s wind speed in this behavior
suggests a relation with sea surface production mechanisms, since sea surface production only comes into play for wind
speeds exceeding 3-4 mIs. It has been suggested that a longer fetch induces a larger whitecap fraction as well as a larger
whitecap coverage,7"3'4 which would explain the larger concentrations of aerosol for the larger fetches.

It is instructive to compare the concentration/wind speed relations of the present analysis to others reported in literature. To
this end, we have selected three experiments which took place on a platform in the North Sea,5 a coastal site in the Outer
Hebrides,'5 and a weather ship in the remote North Atlantic.16 Table 2 shows the slopes of the concentration/wind speed
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Figure 4: Regression lines of the 2.5 tm aerosol wind speed dependence for various fetches: crosses = 200 km fetch; circles
= 22 km fetch; dashed line = 15 km fetch; solid line = 10 km fetch.
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TABLE 2: Slope of the concentration/wind speed dependence (Log N=aU+b)
for 2.5 tm particles for marine wind directions at various locations

Location Slope Wind speed interval
Outer Hebrides 0.045 6 - 30
North Sea 0.070 2- 22
North Atlantic 0.090 1 - 15
Inisheer 0.100 1 - 14

regressions for 2.5 im particles found for these data sets, as well as the range of wind speeds encountered during the trials.
Only data from marine wind directions has been included to minimize the influence of continental aerosol.

The entries in table 2 have been placed in order of increasing slope. Interestingly, the largest slope is not observed for the
North Atlantic trial, which was performed under true open ocean conditions. However, it seems that there is a correlation
between the slope and the range of wind speeds encountered during the experiments, i.e. , the larger the interval, the lower
the slope. This could indicate that the simple logarithmic relation is not valid over an appreciable range of wind speeds. Data
presented by Smith et.al.15 shows that the slope of the concentration/wind speed plot tends to decrease for higher wind
speeds. Consequently, the regression line of a concentration/wind speed plot that extends to high wind speeds (e.g., the
Outer Hebrides data set) yields a smaller slope than a regression to a data set that extends only to moderate wind speeds
(e.g., the North Atlantic data set).

Also other factors may play a role. Seasonal variations of the sea surface temperature have an effect on the whitecaps and/or
bubble distributions from which aerosols are produced.'7"8 In addition, the intensity of biological activity varies according to
season'9. In particular, the Inisheer data have been measured in August and September during the phytoplanktonic bloom (as
observed during the experiment20), which leads to an increase of gas dissolved in the sea that could in turn enhance the
particle production.21

4. THE NAM MODEL EXTENDED TO COASTAL AREAS

The Inisheer data show clearly the influence of fetch on the aerosol concentrations and illustrate the need of models adapted
to the coastal zone. On the basis of the present analysis, a modification of the NAM model is proposed. As in the original
model, the aerosol concentration N( r) is calculated as the sum of three lognormal functions:

N(r) =
exp(_Cj(1n(r/f,))2)

(3)

where r01 = 0.03 tim, r02 = 0.24 .tm and r03 = 2 jim, frepresents the humidity growth factor,22 A1 denotes the mode amplitude
and C, is the mode width (see below).

The mode amplitudes and widths have been modified to include the fetch as a parameter. In the original NAM model for
open ocea& the width parameters C, were all fixed to a value of 1 .0. However, Piazzola7 found that the aerosol spectrum in
the Mediterranean coastal areas was more successfully modeled with varying width parameters. The variable C, allow to
better represent the large gradients found in the coastal aerosol spectrum for short fetch, which result from the appreciable
concentration of small aerosols of land-origin and the relatively small concentration of large aerosols of marine origin (cf.
Refs 5 and 23).

To determine the fetch dependence of mode amplitudes A2 and A3, concentration/wind speed plots for the four wind
direction intervals were made for particles of 0.24 im and 2 im radius. Subsequently, the fetch dependence of the regression
parameters (slopes and intercepts of the concentration/wind speed plots) was fitted to an exponential function. The
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exponential dependence was chosen since it results in a strong variation at short fetches and evolves to an asymptotic value
for unlimited fetch. This procedure resulted in mode amplitudes as function of wind speed and fetch. Since the experimental
aerosol spectrum did not include particles smaller than 0. 1 im radius, this method could not be used for the determination of
mode amplitude A1.

Having obtained the parameterization of mode amplitudes A2 and A3, amplitude A1 and the three widths C, were obtained
from a multi-variable fit to the experimental size distributions as function of wind speed and fetch. Obviously, this procedure
is somewhat awkward for the first lognormal with a mode radius of 0.03 zm since the experimental size distributions only
included particles larger than 0. 1 zm radius. The optimalization of A1 and C1 had to be based on a rather small overlap of
model and experimental size distributions in a radius range where the influence of the second lognormal mode is not
negligible.

The fit procedures yielded the following mode amplitudes and mode widths as function of fetch X (in meters) and wind
speed U (in mis):

A1 —26300LnX + 317350 (4)

((0.01 8LnX —O.096)U —O.O46LnX +0.6)
A2—10 (5)

((0.021 LnX —0.154)U —0.1LnX —0.74)
A3—l0 (6)

Cl = —0.34LnX +5 (7)

C2 = —0.O9LnX + 2.2 (8)

C3 = —0.1 6LnX + 4.5 (9)

In this alternative approach, the fetch replaces the air mass parameter to describe the coastal zone. Contrary to the original
NAM where the continental influence was limited to the first lognormal, the new model allows for coastal influence in all
three modes. This reflects that the coastal zone not only affects the small aerosol (land-originated particles), but also the
large aerosol (sea-spray production).

Due to the difficulties outlined above, the first lognormal with mode radius 0.03 tm could only be parameterized as function
of fetch. However, experimental data obtained in the Mediterranean coastal zone strongly suggests that the first lognormal
depends on other parameters as well.7 The wind speed affects the balance between dispersion and removal processes,
whereas several complex phenomena such as coagulation, photo-oxidation of Dimethylsulfide (DMS) and new particle
formation influence the concentration of the smaller particles.

The second lognormal is parameterized as function of wind speed and fetch, whereas the original NAM used the average
wind speed over the last 24 hours. This reflects a fundamental difference between NAM and this alternative approach. The
open ocean model NAM considers all aerosol but the smallest to be of marine origin, and uses the average wind speed as a
measure for 'aged' marine particles, i.e. particles produced far away that have a relatively long residence time and are still
well-mixed throughout the boundary layer. In contrast, the present model stresses the mixed origin of all but the largest
aerosols. Because the balance between land- and marine-originated particles can change quickly as a result of changes in
wind speed and wind direction, the actual meteorological conditions are more important than the average wind speed.

The third lognormal with mode radius 2 zm is also modeled as function of fetch and wind speed to reflect the mixed origin
of the particles. The present analysis has shown that the aerosols of 2.5 zm radius constitute a mixture of marine— and land-
originated particles. For particles sizes larger than 2.5 tm, it is expected that the marine-originated particles start to
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dominate completely. This implies that the underlying principles of the third mode are no longer suited to describe that part
of the aerosol spectrum and that a new, fourth mode should he introduced to model the large particles of pure marine origin.
The need for a fourth mode has already been suggested by Dc Leeuw as a result of a comparison between NAM predictions
and experimental data.6 At present, efforts are underway to extend NAM with a fourth mode. The Advanced Navy Aerosol
Model (ANAM) is being developed as the successor of NAM for the description of the aerosol concentrations below deck
level.24 Due to the relative abundance of very large aerosols close to the surface, the inclusion of a fourth mode is essential.

5. MODEL PERFORMANCE

Figure 5a shows examples of aerosol size distributions measured on the island Inisheer at a wind speed of 10 mIs hut for
three different fetches: 10. 22 and 200 km. The three curves reflect the mixed origin of the aerosol in the coastal zone: the
continental aerosol present for short fetch conditions (high concentrations of smaller aerosol) is replaced by marine aerosol
as the fetch increases (high concentrations of larger aerosol). Figure Sb shows that the model predictions for the same
conditions resemble the experimental curves and have the same general behavior with respect to fetch.

Figure 6 shows a comparison between model and experimental size distributions for two cases: a short fetch (left) and a long
fetch (right). The modeled distributions are in good agreement with the experimental data. To quantify the performance of
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Figure 5: Measured particle size distributions (figure 5a, left) and model predictions (figure 5b. right). Solid line; 10 km
ktch; dashed line: 22 km fetch; gray line: 200 km fetch. The wind speed is 10 m/s for all cases.
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Figure 6: Comparison of measured particle size distribution (solid line) and model (+). Figure 6a (left): fetch = 15 km, wind
speed = 7 mIs; Figure 6h (right): fetch = 200 knl, wind speed = 10 m/s.
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Figure 7: Model performance for the 2.5
tm radius particles. The measured

0.01 concentration is on the horizontal axis, the
model result is on the vertical axis. The
solid line denotes ideal model
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the model, a scatter plot (Figure 7) was constructed of the experimental and modeled concentrations of 2.5 im particles.
This plot includes all available data from the four wind direction intervals. The line y=x in the plot represents ideal
model performance and the standard deviation of the data points with respect to that line can he taken as a measure for the
performance of our model.4' The standard deviation amounts to 0.19. which means that the model predicts the concentration
of 2.5 im particles to within a factor of I .6 (68% conhdence limit). The model performance is reduced for the smallest
aerosols (radius <0.2 tIm), because the parameterization of the amplitude and width of the first lognormal mode (radius 0.03
pm) hampered from the lower limit of the experimental size distribution (cf. previous section).

Finally, it is necessary to address the transition from coastal zone to open ocean. The present extension of NAM is intended
for usc in coastal areas where fetch is important. For unlimited fetch, however, the extension should evolve into the original
NAM model which has proven its value in open ocean conditions. Mathematically, such a gradual evolution of the coastal
model into NAM is not possible. because the present model uses different parameters (fetch, wind speed. relative humidity)
to predict the aerosol concentration than the original NAM model (air mass parameter, wind speed, average wind speed,
relative humidity).

Figure 8 shows an example of the experimental size distribution for a fetch of 200 km. and the spectra predicted by NAM
and the coastal model. The three curves are very close, which indicates that both NAM and the coastal model correctly
predict the aerosol spectrum at a fetch of 200 km. This allows to switch between the two models at this fetch length. It is
therefore suggested that the coastal model is used for fetches up to 200 km. whereas NAM should be used for longer fetches.

100000

E

0

z

1000

10

0.1

0.00 1

0.00001

0.0000001
0.1 10

d (rim)

100

38

Figure 8 : Comparison of a measured size
distribution (solid line) and the predictions
by NAM (gray line) and the coastal model
(+).
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6. CONCLUSION

On the basis of a data set obtained on the island Inisheer (Irish West Coast) an empirical aerosol model for the coastal zone
has been developed. The model is formulated as an extension of the Navy Aerosol Model, and uses fetch instead of the air
mass parameter to account for the contribution of continental aerosols. Over the whole range of fetches encountered in the
data set, the coastal model predicts the measured aerosol spectrum with an accuracy better than a factor of 2.0. The use of
the coastal model is recommended for fetches shorter than 200 km. Above this limit, the aerosol spectrum is successfully
described by the original NAM model.

The coastal model was developed on a single data set, representative for the Irish West coast. Some of the characteristics of
the data set have also been observed for other geographical regions such as the North Sea and the Mediterranean, but
differences have also been found. It is necessary to extend this work to other data sets to determine whether the present
model can be more generally applied. It is hoped that these continued efforts lead to a general NAM model for the coastal
zone.
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