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ABSTRACT

The Navy Aerosol Model (NAM, available in MODTRAN) is widely used as a tool to assess the aerosol extinction
in the marine atmospheric surface layer. NAM was built as a regression model in the 1980s to represent the
aerosol extinction at deck height as a function of the meteorological conditions. The recently developed Advanced
Navy Aerosol Model (ANAM) utilizes additional experimental evidence to supersede NAM by correcting the
underestimation of the concentration of aerosols larger than a few microns. More importantly, ANAM provides
the aerosol extinction as a function of height between the surface and several tens of meters.

Present-day naval surveillance and threat scenarios require detection of targets at the horizon, such as sea-
skimming missiles, or small targets such as rubber boats. In either case, the propagation path from sensor to
target is likely to come very close to the wave surface and in order to estimate detection ranges, an assessment
of the transmission losses along the path is necessary.

To answer the question posed in the title, we assess the two models using two meteorological data sets (784
cases) representative of diverse maritime conditions in regions of interest around the world.

1. INTRODUCTION

Electro-optical (EO) systems have advanced significantly since the first sensors were conceived. However, the
expected performance of modern surveillance systems or seeker heads is often not achieved in the field. At-
mospheric conditions may seriously degrade sensor performance and thus become the determining factor for
system performance. One of the factors limiting sensor performance is the scattering and absorption of optical
radiation by atmospheric aerosols. The interaction of radiation and aerosols leads to transmission losses and
hence to a reduction of the effective detection range against specific threats. For imaging systems, aerosol ab-
sorption and scattering result in a loss of contrast, and hence, image degradation, which makes it more difficult
to classify and identify threats.

Aerosol extinction is the physical parameter that quantifies the aerosol absorption and scattering effects on
sensor performance. The extinction αaer(λ) specifies the total loss of EO-radiation of wavelength λ per unit
distance, and is commonly reported in km−1. The transmission T through the atmosphere of EO-radiation over
a particular distance R is then found by:

T (R, λ) =
I(R, λ)
I0(λ)

= exp [−αaer(λ)R] (1)

where I0 denotes the intensity of the EO-radiation at the source and I(R) represents intensity after propagating
a distance R. The aerosol extinction can be evaluated by Mie theory if the aerosol particle size distribution
(PSD, or number of aerosols present in the atmosphere as function of aerosol diameter D) and the chemical
composition of the (individual) aerosol particles are known. Unfortunately, these two quantities are difficult to
measure and even worse, they vary considerably in space and time.

In most naval applications, marine or sea-salt aerosols constitute a fair percentage of the total atmospheric
aerosol loading. Sea spray is generated predominantly by the action of the wind on the ocean surface. Two
mechanisms have been identified: bubble-mediated production of jet droplets from breaking waves1–3 effective
at wind speeds from 4 m/s and up, and production of spume droplets torn directly from wave crests by strong
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turbulence4 effective at wind speeds in excess of 10-12 m/s. Several details of the production mechanisms of sea
spray are poorly understood, which makes it difficult to model precisely the amount of droplets that is generated
from the surface (the so-called source function). In addition, measurements of the aerosol concentration very
close to the surface are difficult to make, even in the laboratory under controlled conditions. As a result, the
source function is not very well known and estimates vary widely as shown by Andreas.5

After their generation, the saline droplets find themselves in the turbulent airflow close to the surface. This
flow is highly fluctuating due to the presence of the waves and necessitates a detailed and elaborate description.
The turbulent airflow above waves has been the subject of numerous studies, starting with Miles6 (and see Belcher
and Hunt7 for a review). The droplets are transported out of their production zone by turbulent diffusion and
convective flow, which are counterbalanced by inertial resistance of the particles and gravitational forces. While
the sea-spray droplets are airborne, they interact with the scalar fields of temperature and humidity by exchanges
of heat and moisture.8 These interactions result in the droplets changing size, and thereby their transport
properties. Ultimately, sea-spray droplets may evaporate almost completely resulting in sea-salt particles.

The total concentration of sea-spray particles in the atmosphere thus results from freshly produced aerosols,
relatively abundant near the surface, and a contribution of aged particles that have undergone various transport
and microphysical processes. Due to the many processes involved, the dependence of the aerosol concentration on
meteorological parameters is not a simple relation. Generally speaking, wind speed (production and transport)
and humidity (evaporation and condensation) are the more prominent parameters that control the sea-spray
aerosol concentration. In coastal zones, the aerosol loading of the atmosphere is more complicated due to the
presence of many different types of aerosol sources. These sources can be natural (surf and rural aerosols) or
due to anthropogenic activities (traffic, urban, industrial aerosols). As a result, the aerosol concentration and
composition in the coastal zone are even more complicated functions of meteorological parameters than over
open ocean.

In view of the difficulties of obtaining the aerosol extinction directly, the Navy has identified a need for aerosol
models that predict the aerosol extinction as a function of (simple) meteorological parameters. An important
milestone in predicting the aerosol extinction for open ocean conditions was attained by the development of the
Navy Aerosol Model (NAM) by Gathman,9 and it represented one of the first efforts to model aerosol extinction
solely on the basis of meteorological parameters. The NAM applies a two-step procedure to provide the aerosol
extinction at a Naval ship’s deck height for open ocean conditions. In the first step, the aerosol concentration
is calculated using statistical relations between the concentration and meteorological parameters. This step is
followed by a Mie calculation to yield aerosol extinction (and scattering).

2. THE NAM MODEL

The original NAM has been updated on the basis of new experimental10, 11 and theoretical12, 13 evidence, and it
is presently included in the widely used USAF MODTRAN transmission code.14 The NAM describes the marine
aerosol concentration by three lognormal modes, centered at 0.03, 0.24 and 2.0 µm particle radius, respectively.
A zero-order mode (also centered at 0.03 µm radius) describes the contribution of non-marine aerosols, such as
dust particles. The mode amplitudes are related to the meteorological conditions by empirical relations that have
been found from a statistical analysis of experimental aerosol data as a function of meteorological parameters.

In the NAM the aerosol distribution is assumed to be representable as a sum over four lognormally distributed
modes:9, 13

dN

dr
=

3∑

i=0

Nifi(r) (2)

where Ni is the amplitude, and the shape function fi(r) is a lognormal distribution normalized to unity:

fi(r) =
1√

2πσi exp(σ2
i /2)ρi

exp
(
− [ln(r/ρi)]2

2σ2
i

)
(3)

For historical reasons the amplitudes for each mode are defined by {Ai}i=0,...,3 where Ni = 10Ai . Each shape
function fi(r) is characterized by the width σi and the center radius ρi. For each mode, σi =

√
0.5 and the
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center radii ρi are are relative humidity-based corrections to the nominal center radii:

ρi = Ri

(
GA

i − (RH10/100)
GB

i (1 − RH10/100)

)1/3

(4)

where RH10 is relative humidity measured at 10 meters above the surface, and R0 = 0.03µm R1 = 0.03µm,
R2 = 0.24µm, and R3 = 2.0µm. The coefficients GA

i and GB
i are the Gerber coefficients, and the values for

modes 1–3 can be found in van Eijk.15 In fig. 1 the NAM modes 0–3 are displayed.

It is emphasized that NAM only aims at providing a reasonable estimate of the aerosol extinction at deck
height. In view of the complexity of the processes outlined above, it is not realistic to expect a statistical model
to yield an exact prediction of the aerosol extinction at an arbitrary point in space and time. For this, a more
elaborate mesoscale meteorological model in combination with a world-wide database of aerosol sources would
be required. However, the advantage of NAM over a more complex model is that the NAM can be driven with
just a few in-situ meteorological parameters and that the NAM requires limited computational power.

Figure 1. The contribution of each of the five modes to the entire ANAM particle size spectrum. NAM comprises modes
0–3. Modes 0 and 1 share the same center radius, 0.03µm; mode 2 center= 0.24µm; and mode 3 center= 2.0µm. Mode
4, centered at = 8.0µm, represents the ANAM upgrade.

3. THE ANAM EXTENSION TO NAM

Over the years, it has become clear that the NAM code is less successful in coastal regions16 and at other heights
than deck height (10 m).17 The latter shortcoming is partially addressed by the NOVAM model,18 presently
included in MODTRAN, which extends the NAM aerosol concentration to heights above 10 m. However, in view
of the ever-increasing threat of sea-skimming missiles, an urgent need exists for a near-surface version of the
NAM. Therefore, the Advanced Navy Aerosol Model (ANAM) is being developed to extend the NAM aerosol
concentration from 10 meters down to the wave surface.

The initial development of the ANAM focuses on the behavior of relatively large (radius in excess of 5
µm) aerosols. The rationale for this is twofold: first, it has been suggested17 that the NAM underestimates
the concentration of these larger aerosols resulting in an estimate of the (IR) extinction that is too low.10

Secondly, turbulence is less efficient in transporting these heavy aerosols upward from the sea surface, which will
(theoretically) result in steeper vertical concentration gradients.19 The aim of the ANAM development is to
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extend the NAM by a height-dependent 4th mode, centered at a radius larger than 2µm (nominal radius of 3rd

mode in NAM). In a later phase of the development, the necessity of introducing height dependence in the other
(NAM) modes will be assessed.

Like its predecessor NAM, the ANAM is being developed by establishing empirical relations between the
aerosol concentration and meteorological parameters.20 Unfortunately, measurements of vertical aerosol con-
centrations between the wave surface and deck height are sparse and almost exclusively limited to the Rotorod
technique deployed by TNO.21 These data sets, which had been acquired in coastal areas and to a smaller extent
under open ocean conditions, have been exploited to add a 4th large particle mode to NAM and to develop the
ANAM.22 A consensus parameterization of the ANAM was obtained, which yielded good results for both data
sets. Typically, the ANAM predicts the experimental aerosol concentration to within a factor of 3. This result
was confirmed using an independent Rotorod data set that had not been used in the analysis.

ANAM provides an additional height-dependent mode15for larger particles (R > 5µm), denoted the ANAM
mode or 4th mode. As with the other modes, the 4th mode is completely characterized by the amplitude N4

(defined by the relation N4 = 10A4), the width σ4, and the nominal center radius R4. In ANAM version 3.0,
σ4 = 0.5, R4 = 8.0, and

A4 = −2.5 + 0.07U10 − 0.07Z. (5)
Z denotes height above water surface, and U10 denotes the wind speed measured at a 10 meter height. The
appearance of the height Z in eqn. 5 generates the vertical height-dependence of the ANAM model. The
influence of height on the aerosol concentration will be apparent in the subsequent studies of transmission along
two different propagation paths.

It is clear from eqn. (5) that the wind speed will influence the ANAM aerosol distribution, and the influence
is modified by height. It is also true that relative humidity influences the distribution due to the change in value
of the radius of the 4th mode. The mode dependence is calculated according to eqn. (4). In fig. 1 the four modes
used in ANAM are shown. For this version of ANAM (3.0) the Gerber coefficients are defined by: GA

4 = GA
3 and

GB
4 = GB

3 .

4. THIS STUDY
Preliminary studies by Van Eijk et al.22 indicate that the addition of the 4th mode changes aerosol extinction
values by about 20% as compared to NAM calculations. Closer to the surface, this number is even higher due to
the height dependence of the 4th mode. However, a more extensive comparison between NAM and ANAM has
not yet been made. This paper fills in this gap by presenting a comparison of aerosol extinctions as predicted
by NAM and ANAM for propagation paths that descend beneath deck height. It is desirable to make the model
comparison by examining a range of meteorological scenarios that occur over regions of Navy interest, so we
restrict the test data to a representative sample of marine atmospheric observations assembled by a group from
the Naval Surface Warfare Center.

We will quantify the differences between the NAM and ANAM models for specific scenarios. Two data sets,
the R384 sample and the R400 sample, were utilized for the study. These two sets were developed by code T44 of
the Naval Surface Warfare Center, Dahlgren VA, and their data description states: “The R384 sample includes
an equal number of observations (96) from the Baltic Sea, the Yellow Sea, the Gulf of Oman and the Caribbean
Sea. It was desireable to represent each area by 8 randomly selected weather samples per month for a total of
8 × 12 × 4 = 384 samples. The R384 is meant to be a ‘World-Wide’ environmental sample of areas of common
interest.” The R384 samples comprise 60 observations from the North Atlantic (Gulf of Finland); 36 observations
from the North Atlantic (450 miles west of Ireland); 77 observations from the Yellow Sea; 19 observations from
the East China Sea; 96 observations from the mid Arabian Sea (Gulf of Oman); and 96 observations from the
Caribbean.

“The R400 sample was co-developed by T44 several years ago to be representative of a typical variety of
naval maritime conditions. The ‘Random 400’ sample was originally put together as a ‘world wide weather’ data
file. The size of this file was selected as a reasonable compromise between computer run time and statistical
accuracy. Locations were chosen to represent both areas where aerosol scattering is significant and areas where
molecular absorption dominates. The sample is (approximately) uniform with respect to time of day and time
of year.”
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5. A COMPARISON TEST

A comparison between the NAM and ANAM models requires that representative transmission calculations be
performed over the full set of meteorological data contained in the R384+R400 data sets. It is important to vary
the input parameters of the study to elucidate the effects of certain parameters on the two models. Thus the
first requirement is to create a library of extinction coefficients over all of the data in R384+R400. The aerosol
extinction calculated by using NAM results in a single extinction coefficient. This calculation is carried out for
each of the 784 meteorological records in the combined data sets. The calculation for each of the 784 records
is repeated for the ANAM model. Because of the height dependence of ANAM, it is necessary to calculate a
representative aerosol extinction value for each 1-meter thick layer from a set of layers extending from the sea
surface to a maximum height of 22 meters, and thus each meteorological record

This degree of resolution of the horizontal near-surface atmospheric layers is necessary to discern the impact
of ANAM and the height-dependent 4th mode on the paths of interest for IRST applications. In the cases
considered below, the path length is 10 kilometers. We consider two paths for this range: a path with a sensor
at 8 meters height and a target at 2 meters height, and a second path with a sensor at 20 meters height, with
the target still at 2 meters height.

Figure 2. Four normalized path-weighting functions, plotted on a log-linear scale. For the case Tair − Tsea < 0 and a
path from 20 m to 2m, the path segment through a 2 m layer at 2m height is more than twice the length of the segment
through a 2m layer at 20m height.

Over a path-length of 10 kilometers, the radius of curvature of the earth becomes a significant factor. In this
study the atmosphere is partitioned into concentric shells of equal 1-meter thickness. A geometric straight line
between the different heights of the sensor and source is also partitioned into line segments as it cuts through
each layer. For our geometry, the longest such segment will be closest to the low end of the path.

The relative segment length is thus a function of the height above the sea surface, and this dependence is
described by the path-weighting function. This function is not simply determined by the geometric considerations
listed above, since the optical path from sensor to target is not a geometric straight line. Instead there exist
refractive gradients in the near-surface environment which can be either positive or negative depending upon
the sign of Tair − Tsea. For Tair − Tsea < 0, sub-refractive conditions apply and near-horizontal ray-paths tend to
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curve upward and away from the surface as they propagate. This causes the segments closest to the low end of
the path to be even longer relative to the segments at the high end of the path.

Sub-refractive conditions are characterized by a strong vertical refractivity gradient, with a rapid decrease
in refractivity as height increases from the surface to a few meters up. The relative sizes of the ray trajectory
segments do not change to a great extent for different values of Tair − Tsea < 0, and for this study we used
a single mean weighting function to scale the relative lengths of the differing ray segments. In fig. 2 four
weighting functions are displayed. The normalized path-weighting functions are shown for the four different
path geometries. There are two cases for ASTD = Tair − Tsea > 0; the path from 8m to 2m height, and from
20m to 2m height. The path is a straight line, and the weighting function shows how the path angle with respect
to the local horizontal is decreasing. The second two cases correspond to ASTD = Tair − Tsea < 0, and the
refractive conditions cause rays to bend upward.

The input independent variables upon which the 4th mode of ANAM depends are wind speed, relative
humidity, and height. The height variable is implicitly defined by the choice of path as noted above. We will
examine the behavior of the R384+R400 sample data at selected levels of both relative humidity and wind speed.
Finally, three different wavelengths were examined for the transmission simulations: λ = 3.85µm, λ = 4.65µm,
and λ = 9.0µm.

6. COMPARISON OF ANAM AND NAM USING METEOROLOGICAL DATA

In view of the dependencies described in the previous section that are prominent in the ANAM development,
the primary input parameters of interest are the relative humidity and wind speed. The differential dependence
on wind speed between ANAM and NAM is shown in fig. 3, where the relative transmission computed by the
two different aerosol models is compared.

Figure 3. The ratio of transmission at (λ = 3.85µm) using ANAM to the transmission using NAM for the entire combined
set R400+R384, shown as a function of windspeed.

Our analysis of the difference between the two models is based upon a ratio of two different infrared trans-
mission values: a NAM-based value which is the transmission utilizing an aerosol extinction generated by the
NAM, and the ANAM-based value which is transmission utilizing an aerosol extinction generated by the ANAM.
A raytrace procedure is used to calculate a height(range) functional dependence, so that the relative proportion
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of the path at each level is determined. Transmission is normalized by referencing to the expected free-space
value over the same path. The resultant ratio is shown as:

τ∆ =
τANAM

τNAM
(6)

The factor τ∆ indicates the multiplicative factor necessary to adjust the transmission determined using NAM to
be equal to the transmission determined by ANAM. Note that 0 < τ∆ < 1 since the ANAM contains all of the
NAM factors and hence incorporates all of the extinction due to NAM, and adds an additional factor due to the
4th mode. Thus in fig. 3 an apparent upper bound for the ratio τ∆ as wind speed increases is seen. This is due
to the dependence of the 4th mode in ANAM on the wind speed.

Figure 4. The distribution of normalized transmission values using NAM for the entire combined set R400+R384 is
shown in the upper plot over the path starting at 20m and ending at 2m. The similar distribution for transmission using
ANAM is shown in the middle plot. The change induced by switching to the path from 8m to 2m is shown in the bottom
plot. Because NAM is height independent the distribution is the same for NAM over the path from 8m to 2m.

A broad comparison of the transmission determined by the NAM and ANAM models is shown in fig. 4. The
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three figures show a distribution of normalized transmission values over the entire combined set R400+R384:
784 meteorological events. The upper plot shows the distribution of normalized transmission values using NAM,
and the middle plot shows the same plot when ANAM is utilized as the aerosol model. There are significant
differences in the two models even from this broad comparison. A single indicator of the difference between
the two can be seen by comparing the median value of 0.752 for the NAM-based distribution to the median
0.633 for the ANAM-based distribution in the middle plot, and finally to the median value 0.584 for the more
stressing path from 8m to 2m in the bottom plot. Note that because the NAM model is height independent, the
distribution of transmission values does not change for a switch in paths.

Figure 5. The distribution function for the ratio of transmissions calculated for ANAM over the transmission for NAM,
for all meteorological conditions in the database. The path is from a sensor height of 20m, and a target height of 2m at
a range of 10 km, and λ = 3.85µm. This distribution indicates in a rough sense the ‘mean’ change in transmission due to
replacement of the NAM model by the ANAM model.

For the remainder of this paper, the transmission factor τ∆ is used to provide the comparative effects of
ANAM vs. NAM. A baseline indication of the contrast between NAM and ANAM is shown in fig. 5 in which
the full R384+R400 data set is used. The path is from a sensor height of 20m and a target height of 2m at
a range of 10 km. For this calculation, λ = 3.85µm. Also shown is the calculation of a cumulative probability
distribution to determine the probability that the effective transmission factor τ∆ is less than a specified ratio ρ.

The effect of changing the propagation path from 2m–20m to 2m–8m is shown in fig. 6. Thus fig. 5 and fig. 6
provide a reference distribution showing the baseline ‘mean’ difference in the ANAM and NAM models. In the
following figures, we compare the two models in a similar way but with the additional restriction of examining
a subset of one of the relevant parameters.
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Figure 6. The distribution function for the ratio of transmissions calculated for ANAM over the transmission for NAM,
for all meteorological conditions in the database. The path shown here is the more stressing case: a sensor height of 8m,
and a target height of 2m at a range of 10 km with λ = 3.85µm. This distribution indicates in a rough sense the ‘mean’
change in transmission for the ANAM model.

7. COMPARISON OF DISTRIBUTION FUNCTIONS FOR PARAMETER
VARIATIONS

The remainder of this report will present a set of cumulative distribution functions. The event space over which
the probability is calculated is the ratio τ∆ (defined in eqn. 6) between the ANAM-derived transmission and the
NAM-derived transmission. Although significant differences between the two models are apparent in figs. 5, 6,
the more striking contrasts appear when a subset of the full range of meteorological conditions is selected. The
subsets are chosen to isolate a ‘stressing’ end of a parameter range: 50th and 90th percentiles of wind speed or
relative humidity.

The effect of wind-speed on the ratio τ∆ (eq. 6) is shown in fig. 7 for the 2m–20m path and in fig. 8 for the
2m–8m path. The bottom panel of fig. 8 is striking: for the 90% stressing wind-speeds (in this case, > 11 m
sec−1), the median value for τ∆ is 0.39. This is strong testimony to the modifications in ANAM to correct the
NAM underestimation of large aerosol particles. These large particles are described by the 4th mode, and as
shown in eqn. 5 the mode amplitude is a function of both height and wind-speed.

8. SUMMARY AND CONCLUSIONS

We calculated statistics similar to the results displayed in figs. 7 and 8 for different parameter variations, and
for different wavelengths. In table 1 we show the results of these calculations for all combinations of parameter
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Figure 7. The path is from a sensor height of 20m, and a target height of 2m at a range of 10 km, and λ = 3.85µm. The
distribution is calculated for conditions of 50th percentile wind speed and 90th percentile wind speed.

settings: wavelengths of 3.85µm, 4.65µm, and9.0µm; 2m–20m path vs. 2m–8m path; 50% vs. 90% humidity, and
50% vs. 90% wind-speed.

In the figures, both mean and median values for the distributions are shown. The median is a more conser-
vative and arguably more reliable figure of merit for the comparison. One could argue that a model upgrade
that results in a change by a factor of two is significant, and warrants a migration to the newer model. The
90th percentiles of both the wind speed and relative humidity have median values less than or equal to 0.54 in
all cases considered, and for the low path and a wavelength of 9.0µm, the median = 0.34 is a factor of three
difference between the two models.

The goal of this study is to demonstrate the significance of the difference between using ANAM vs. NAM as
the aerosol extinction model. For stressing atmospheric conditions, or in the case of a largely near surface path,
an upgrade from the NAM to the ANAM model for a more accurate calculation of the extinction due to aerosol
is recommended.
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Figure 8. The path is from a sensor height of 8m, and a target height of 2m at a range of 10 km, and λ = 3.85µm. The
distribution is calculated for conditions of 50th percentile wind speed and 90th percentile wind speed.
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