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[1] Dry deposition rates and associated inputs of soluble inorganic nitrogen (N)
phosphorus (P) and iron (Fe) were calculated for the north coast of the Gulf of Aqaba in
Eilat, Israel, between August 2003 and September 2005. The main inorganic
N compounds in the water soluble fraction of aerosol particles were nitrate (60%) and
ammonium (38%), with mean concentrations of 35 and 22 nmol m�3 of air, respectively.
Soluble phosphate ranged between 0.09 and 2 nmol m�3 of air with a mean value of
0.4 nmol m�3 of air. The soluble inorganic nitrogen and soluble phosphate account for
approximately 86% and 69% of total soluble nitrogen and total soluble phosphorus,
respectively; the difference is assigned to organic N and P compounds. The mean
concentration of soluble aerosol Fe was 0.3 nmol m�3 of air. Our measurements of the
soluble nutrient concentrations are comparable to data previously reported for the eastern
Mediterranean area. Dry deposition fluxes of nutrients were estimated for each sampling
date using a size-dependent deposition model. The estimated fluxes were highly
variable over the sampling period with the mean fluxes of 38, 0.2 and 0.02 mmol m�2 d�1

for seawater soluble inorganic N, P and Fe, respectively. The soluble phosphate flux
shows a seasonal pattern with higher input during the winter (September to December)
than in other seasons. The inorganic N/P molar ratios in the seawater-soluble fraction of
the dry deposition (ranging from 32 to 541) were well above the Redfield ratio (N/P = 16),
suggesting that atmospheric inputs of nutrients increase the likelihood for P limitation
in the Gulf. Atmospheric deposition could contribute a substantial fraction (35%) of
dissolved inorganic N to the euphotic zone during the stratification period (April to
October), and the N flux from this source could support over 10% of surface primary
production and possibly all of the new production during the summer; however, these
estimates have a relatively large uncertainty due to error associated with deposition
flux calculation and the temporal variability in dust flux. Atmospheric input of seawater-
soluble Fe is in large excess compared to that required for the phytoplankton growth
driven by the N deposition.

Citation: Chen, Y., S. Mills, J. Street, D. Golan, A. Post, M. Jacobson, and A. Paytan (2007), Estimates of atmospheric dry deposition

and associated input of nutrients to Gulf of Aqaba seawater, J. Geophys. Res., 112, D04309, doi:10.1029/2006JD007858.

1. Introduction

[2] The atmosphere is an important pathway by which
many natural and anthropogenic materials are transported
from the continent to the ocean. Estimates of atmospheric
deposition fluxes of nitrogen (N), phosphorus (P) and iron
(Fe) to the ocean suggest that atmospheric deposition can be

a significant source of these nutrients [Duce et al., 1991;
Prospero et al., 1996]. This source of new nutrients to the
ocean supports marine productivity and thereby plays an
important role in the global biogeochemical cycling of
carbon [Jickells, 1995; Paerl, 1997]. The atmospheric input
of Fe was found to be important for supporting primary
production in high nitrate low chlorophyll (HNLC) oceans
[Martin et al., 1994; Coale et al., 1996; Boyd et al., 2000;
Tsuda et al., 2003]. Specifically, it is suggested that dust
deposition during the last glacial maximum, which was
about a factor of 2 higher than at present, may have
enhanced the phytoplankton growth and subsequently low-
ered atmospheric CO2 level during that period [Martin,
1990; Mahowald et al., 1999; Bopp et al., 2003]. Outside
the HNLC zones atmospheric input of major nutrients can
have a considerable impact on the productivity and structure
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of oligotrophic oceanic ecosystem [Fanning, 1989; Owens
et al., 1992] and of some coastal sites as well [Paerl, 1997].
Model calculations of N deposition have shown that in the
year 2000 the deposition of total reactive N exceeds
2000 mg N m�2 y�1 in extended parts of the world
[Dentener et al., 1996, 2006]. This is about twice as much
as the ‘‘critical N load’’ above which changes in sensitive
natural ecosystems may occur. Windborne dust was also
suggested as an important contributor to regional biogeo-
chemical cycling of P [Okin et al., 2004]. Indeed, marine
systems neighboring desert areas are influenced by dust
borne P additions for the long-term maintenance of produc-
tivity [Okin et al., 2004; Markaki et al., 2003; Bergametti et
al., 1992].
[3] The Gulf of Aqaba is an oligotrophic sea [Levanon-

Spanier et al., 1979]. It is surrounded by arid areas (30 mm
rainfall per year) with the deserts of Sinai and Sahara in the
west, Arabia in the east and Negev in the north. The Gulf
receives practically no river runoff from land, and the
deposition flux of mineral aerosols in this area is significant
[Ganor and Foner, 1996]. Accordingly, atmospheric input
of nutrients through dry deposition may be one of the major
external nutrient sources to the Gulf. The residence time of
water in the Gulf is about 1 year, nutrient poor surface water
from the Red Sea enters the Gulf at the Straits of Tiran while
subsurface water higher in nutrients leaves the Gulf, result-
ing in net nutrient lose through this circulation pattern
[Reiss and Hottinger, 1984; Badran, 2001]. The Gulf is
geographically very close to the eastern Mediterranean
basin which receives air masses from industrialized and
semi-industrialized regions of Europe during most of the
year (at least 70% of the time) [Kouvarakis et al., 2001].
Thus it is likely that, in addition to desert dust influence,
anthropogenic aerosols originating from Europe and Israel
may contribute to the input of nutrient species to the Gulf.
Accordingly, it is likely that atmospheric nutrient deposition
in this region supports primary production and may consti-
tute a significant fraction of new production. Indeed, it has
been reported that surface chlorophyll and primary produc-
tion in the Gulf are significantly higher than expected from
measured nutrient levels during the summer months com-
pared to other oceanic sites with similar conditions [Reiss
and Hottinger, 1984; Lindell and Post, 1995]. Several
studies have measured the nutrient concentrations and
modeled nutrient cycling in the Gulf water column [Badran
et al., 2005; Badran, 2001; Rasheed et al., 2002; Niemann
et al., 2004]. However, no attempt has been made so far to
determine the atmospheric deposition fluxes of nutrients to
the Gulf and to evaluate how this external nutrient source
influences the Gulf ecosystem.
[4] In this study, aerosol samples were collected over a

2-year period (20 August 2003 to 10 September 2005) at the
northwest coast of the Gulf of Aqaba in Eilat, Israel.
Aerosol loads were determined and the samples analyzed
for the concentrations of soluble nutrient species and other
soluble components. The dry deposition velocity of aerosols
was calculated for each sampling date using a particle
deposition model combined with the particle size distribu-
tion obtained from Scanning Electron Microscope (SEM)
images. Dry deposition fluxes of nutrients to the Gulf were
then calculated for each sampling date. These estimates
provide unique information on temporal patterns and vari-

ability in the daily fluxes of aerosol deposition in addition to
annually averaged values. The measured concentrations and
estimated fluxes of nutrients were compared to the data
previously reported for neighboring areas. The contribution
of this nutrient input to the primary production of the Gulf
was assessed. This study provides important data for mod-
eling the nutrient budgets and dynamics in this oligotrophic
ocean basin which may be representative of other present-
day dust-dominated oligotrophic systems and particularly
may represent future conditions of increased aridity and dust
fluxes [Tegen et al., 2004; Woodward et al., 2005]. The
central hypothesis of this study is that the atmospheric input
is an important external source of nutrients to the Gulf and
support significant fraction of new production (carbon
fixation) in this area.

2. Methods

2.1. Aerosol Collection

[5] Aerosol samples were collected using a Total Sus-
pended Particle High Volume Sampler (HVS) placed on a
roof at the Interuniversity Institute of Marine Sciences (IUI)
in Eilat, a few meters off the northwest coast of the Gulf of
Aqaba (29�31’N, 34�55’E, Figure 1). The HVS was
designed to have four filter holders connected to separate
flowmeters, thus collecting four filter samples simulta-
neously. The airflow path of the HVS and the filter holders
were made of all plastic to minimize trace metal contami-
nation. Aerosol particles were collected on a 47-mm poly-
carbonate membrane filter (IsoporeTM) which was cleaned
using hydrochloric acid and weighted before and after
sample collection. The collected filter samples were stored
frozen in polystyrene Petri dishes inside plastic bags before
being further analyzed. Aerosol samples were taken at least
once a week over a 24-hour period with an airflow of
2.5–2.8 m3 h�1 between 20 August 2003 and 28 November
2004. However, we suspected that such intermittent sam-
pling may not be able to reflect the average distribution of
aerosols over the Gulf because of the episodic nature of
aerosol deposition events (dust storms). Aerosols were
therefore sampled continuously with an airflow of 1.2–
1.5 m3 h�1 after 28 November 2004, and new filters were
loaded every 72 hours until 10 September 2005. Thus all
short-duration (less than a week) aerosol events (e.g.,
plumes, dust storms) that could be missed or randomly
captured by the intermittent sampling at one day per week
would be sampled by the continuous sampling scheme used
after 28 November 2004. However, the continuous sam-
pling using 72-hour integration time and lower flow rates
may mask the impact of any daily aerosol pulses (e.g.,
results are smoothed), regardless, this sampling strategy
should still reflect the seasonal changes of the aerosol
concentration in the air. The 72-hour time-resolved mea-
surements of ambient aerosol concentrations should provide
more realistic estimates of seasonal and annual average
fluxes of atmospheric nutrients to the Gulf. Short-duration
aerosol events, on the other hand, which are captured better
with the 24-hour sampling, are important to study as these
may cause a sudden increase of nutrient deposition fluxes to
the Gulf which may trigger phytoplankton blooms. We use
the average aerosol nutrient input and its seasonal pattern
for modeling regional nutrient dynamics and the storm
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events captured to determine the potential impact of specific
high deposition pulses.

2.2. Chemical Analysis

[6] One of the four filter samples collected at a given
sampling date was used for pure-water extraction and the
extract analyzed for water-soluble aerosol species. The filter
sample was placed in an acid-cleaned polypropylene jar
with the dusty side facing up. 50 mL of 18.2 mW milli-Q
water was added to the jar, and the jar was covered using a
polypropylene screw cap and then sealed with parafilm. The
filter sample was sonicated for 30 minutes to resuspend the
aerosol particles into the solution. The extraction solution
was then filtered through a 0.4 mm polycarbonate membrane
and separated into several portions that were analyzed
respectively for the concentrations of cations, anions, total
soluble N and other soluble elements. Ions were measured
by Ion Chromatography using a DIONEX DX-500 system.
Anions (F�, Acetate, Formate, MSA�, Cl�, NO2

�, Br, NO3
�,

PO4
3�, SO4

2�, Oxalate) were separated and eluted using an
AS9-HC anion column (Dionex) using a Na2CO3 eluent,
and cations (Li+, Na+, Ca2+, K+, NH4

+, Mg2+) were separated
and eluted using a CS12A cation column (Dionex) using a
methanesulfonic acid (MSA) eluent. Total soluble N (TSN)
was analyzed using a modified persulfate digestion proce-
dure [Delia et al., 1977] followed by Continuous-Flow
Autoanalyzer (Alpkem Flow Solution IV) analysis. Total
soluble P (TSP) and soluble Fe (SFe) were determined by
Inductive Coupled Plasma Optical Emission Spectroscopy
(ICP-OES, for samples before 28 November 2004) and by
High Resolution Inductive Coupled Plasma Mass Spectrom-
eter (HR-ICP-MS, Finnigan1 ELEMENT 2, for samples
after 28 November 2004) in a matrix of 2% HNO3. An
operational blank was handled and analyzed with the filter
samples. The operational blanks (sample concentration
ranges) were 0.1 (0.2–4), 1 (23–162), <0.03 (0.1–3),
<0.01 (1–113), <0.05 (30–237), 0.01 (0.2–3) and <0.001
(0.07–3) mM for NO2

�, NO3
�, PO4

3�, NH4
+, TSN, TSP and

SFe in the water extracts, respectively. These blanks com-
prise a low fraction of the sample concentrations and were

subtracted for the data reported below. The maximum
uncertainties (i.e., standard deviations) for determining the
nutrient species NO2

�, NO3
�, PO4

3�, NH4
+, TSN, TSP (ICP-

MS/ICP-OES) and SFe (ICP-MS/ICP-OES) were respec-
tively 0.05, 0.5, 0.1, 2, 3, 0.05/0.7 and 0.03/0.6 mM, which
were about 1–19% of the average sample concentrations.
We have previously determined that the solubilities of some
of the nutrients in seawater may be different (typically
lower) from pure water [Chen et al., 2006] specifically for
PO4

3� and Fe. Accordingly, in our calculations we convert
the concentrations we measured in the pure water extrac-
tions to those expected to be extracted in seawater on the
basis of the relation between the solubility for each com-
ponent in seawater and pure water as determined for parallel
samples collected at this site (see discussion below and
Chen et al. [2006]).

2.3. Air Mass Back Trajectories

[7] Five-day isentropic air mass back trajectories (AMBTs)
were calculated from the National Oceanic and Atmospheric
Administration (NOAA) FNL database using the Hybrid
Single-Particle Langrangian Integrated Trajectories (HY-
SPLIT) program [Draxler, 2002]. Although the errors
associated with these calculations increase as the model
steps back in time, the AMBTs still provide useful infor-
mation about the synoptic situation and general source of
the air mass sampled. AMBTs were calculated at 100, 1000
and 3000 m height levels at 1900 UTC (corresponding to
the midway of each sampling period) in Eilat (29�310N,
34�550E, Figure 2).

2.4. Particle Deposition Model

[8] A particle deposition model [Jacobson, 2004] was
used to calculate the dry deposition velocities for various
sizes of aerosol particles collected for each sampling date.
The dry deposition speed (Vd,i, equation (1)) is the sum of
particle sedimentation speed in the air (Vs,i) and its dry
deposition against a series of resistances at air-surface
interface, which varies with particle size and is also
depended on meteorological and physical conditions in
the troposphere.

Vd;i ¼
1

Ra þ Rb þ RaRbVs;i
þ Vs;i ð1Þ

where Vd,i and Vs,i are dry deposition and sedimentation
speeds of a particle of size i (cm s�1), respectively; Ra is the
aerodynamic resistance between a reference height (10 m)
and the laminar adjacent to the surface; Rb is the resistance
to molecular diffusion through the 0.1 to 0.01-cm-thick
laminar sublayer.
[9] For particle with a diameter of less than 20 mm which

is almost the upper size limit of aerosol particles collected in
the Gulf, the sedimentation speed can be calculated follow-
ing equation (2).

Vs;i ¼
2r2i rp � ra

� �
g

9ha
Gi ð2Þ

where ri is the particle radius (cm); ha is the dynamic
viscosity of air (g cm�1 s�1); rp and ra are the densities of

Figure 1. Aerosol sampling site at the northwest coast of
the Gulf of Aqaba (29�310N, 34�550E) in Israel.
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the particle and air (g cm�3), respectively; g is the
gravitational acceleration (cm s�2); Gi is the Cunningham
slip-flow correction factor.
[10] The meteorological inputs for the particle deposition

model were obtained from the National Oceanic and
Atmospheric Administration (NOAA) archived FNL
METEOGRAM database, including surface pressure
(HPA), surface temperature (K), temperature (K) and wind

speeds (cm s�1) at reference height (10 m), for each
sampling date. The model applied a dust particle density
of 2.6 g cm�3 [Chin et al., 2002] since mineral dust
dominates the aerosol particles in this desert-surrounding
region. Model output was combined with the particle size
distribution analyzed using SEM to estimate the average dry
deposition velocity of aerosols (Vd) during each sampling
date, where the densities were assumed to be the same for

Figure 2. Representative 5-day backward trajectories calculated for (a) 4 January 2004, (b) 22 August
2003, (c) 8 April 2005, and (d) 2 March 2004. The starting point is the northwest coast of the Gulf of
Aqaba (29�310N, 34�550E) at altitudes of 100, 1000 and 3000 m.
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all aerosol particles regardless of size. The dry deposition flux
(Fd) for each nutrient was then calculated from the concen-
tration of the soluble fraction of aerosol nutrient in the air (Ca)
and the dry deposition velocity of aerosols (Vd, equation (3))

Fd ¼ Ca � Vd ð3Þ

In addition, for comparison we also calculated the mean
deposition fluxes of the nutrients using the more widely
used average deposition velocity for these nutrient species
[Duce et al., 1991].
[11] Dry deposition of gaseous phase nitrogen (HNO3 and

NH3) was not included in the flux estimate of soluble
inorganic nitrogen (SIN) in this study. Nonetheless, water-
soluble gases like HNO3 and NH3 can be transferred easily
to seawater through air-sea interface and thus may contrib-
ute substantially to the atmospheric N deposition to the
ocean. Accordingly, the omission of the gaseous phase N
can underestimate the total dry deposition of SIN. In the
eastern Mediterranean Sea for example ignoring the gaseous
phase may have resulted in underestimates by about a factor
of 2 [Kouvarakis et al., 2001]. Similarly, our flux calcu-
lations may underestimate the whole atmospheric input of
SIN to the Gulf. Thus our flux calculations should be
considered as the lower range of estimate and further work
on atmospheric deposition of gaseous phase nitrogen will be
needed for a more complete assessment.

3. Results and Discussion

3.1. Aerosol Sources and Loads

[12] 137 aerosol filter samples were collected at Eilat
during the period of 20 August 2003 to 10 September 2005
to study the nutrient fluxes from the atmosphere to the Gulf
of Aqaba. The sampling site was located a few meters off
the northwest coast of the Gulf, and the collected samples
are expected to represent the marine aerosols over the Gulf
(Figure 1). Previous studies where samples were collected
on shore close to the water line and over the ocean (e.g.,
southeast Mediterranean Sea [Herut and Krom, 1996;
Carbo et al., 2005]) indicate that with the exception of a
higher sea salt component the shore based site is represen-
tative of the aerosols over the water. This should particularly

be the case in the Gulf where the water body is narrow thus
the air mass composition is not expected to change much
during transport. The air masses in this region can be
influenced by mineral dust originating from the interior of
North Africa (Sahara desert, Figure 2a) and the adjacent
Sinai (Figure 2c) and Arabian deserts (Figure 2d), as well as
by anthropogenic aerosols transported from the industrial-
ized and semi-industrialized regions of Europe (Figure 2b).
The impact of local anthropogenic sources is expected to be
small, since Eilat is a tourist town with a population of only
�50,000 and has no major industries other than tourism.
Moreover, the marine station where the sampler was placed
is in a remote location about 10 km south of the city. The
general agreement between our data and previous reports
for aerosol composition in the area (the Mediterranean Sea)
also supports this premise. Although it has been previously
suggested that dust storms originating from the Saharan and
middle east deserts have a major impact on the eastern
Mediterranean and adjacent region, including the Gulf
[Ganor and Foner, 1996; Kubilay et al., 2000] to our
knowledge no detailed study of aerosols deposition and
impact on the Gulf has been carried out.
[13] Total suspended particle concentrations in the air

over the north Gulf ranged between 17 and 376 mg m�3

with a mean value and standard deviation of 53 ± 43 mg m�3

(Figure 3). These dust concentrations are about a factor of 2
higher than the typical background level (28 ± 30 mg m�3)
but comparable to the urban area concentrations (51 ±
33 mg m�3) at the eastern Mediterranean [Gerasopoulos et
al., 2006]. They also agree with those observed over
the southeastern Mediterranean Sea during 1994/95 (57 ±
31 mg m�3), but are only half of the reported values
for the northern (112 ± 58 mg m�3) and central (117 ±
177 mg m�3) coasts of Israel [Herut and Krom, 1996]. The
‘‘dusty’’ Israeli air may be attributed to impacts of local
loess soil and anthropogenic pollution in the more heavily
populated central regions of the country. The measured
aerosol concentrations in the Gulf showed high temporal
variability without a clear seasonal trend during the sam-
pling period (Figure 3). Two extreme large concentrations
of aerosols (304 and 376 mg m�3) compared to the normal
level (<120 mg m�3) were observed on 10 May 2004 and
7–10 April 2005, respectively (i.e., in the spring). These
two considerably higher loads of aerosols over a 2-year-
long period demonstrate the episodic nature of the vast dust
storms over the Gulf, which may be due to special wind
condition that lifted the soil dust of the surrounding deserts
to up 1000 m above the ground level (Figure 2c). The back
trajectories most abundant in the Gulf are those that pass
over both the surrounding arid regions and the European
continent (Figure 2b), probably because of the dominant
northwestern and northern winds in this region. Aerosols
from these trajectories may be influenced by anthropogenic
sources in addition to mineral dust [Kocak et al., 2004].

3.2. Nutrient Concentrations

[14] Two-year time series concentrations of soluble aero-
sol NO3

�, NH4
+, NO2

� and TSN in the Gulf of Aqaba are
shown in Figure 4. High temporal variability in the con-
centrations but lack of a strong seasonal pattern was
observed for all the soluble N species. The individually
measured concentrations showed more variation before

Figure 3. Aerosol concentrations (mg m�3) observed
between 20 August 2003 and 10 September 2005 at the
northwest coast of the Gulf of Aqaba (29�310N, 34�550E).
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28 November 2004 compared to those after 28 November
2004 with considerably less spikes (Figure 4), suggesting
that the 72-hour continuous sampling, as expected, better
temporally integrated the fluxes than sampling intermittently
once a week. One interesting feature that was observed
during the continuous sampling period is the opposing
behavior between soluble NO3

� and NH4
+; that is, relatively

higher concentrations of NO3
� corresponded to the lower

NH4
+ during January–May 2005, and vice versa in June–

September 2005 (Figure 4). Aerosol loads were also higher
in January–May than in June–September corresponding to
the higher NO3

� levels (Figure 3), which is probably due to a
strong dust impact from African or local deserts over the
eastern Mediterranean and the Gulf during the winter and
spring [Kocak et al., 2004], while anthropogenically dom-
inated aerosols (with higher NH4

+) are more common in the
summer months. This feature suggested that although the
total aerosol load over the Gulf did not show a strong
seasonal trend the aerosols were dominated by different
sources in the different seasons.
[15] The soluble NO3

� concentrations ranged between 11
and 93 nmol m�3 with a mean value and standard deviation
of 39 ± 19 nmol m�3 (Table 1). Soluble NH4

+ ranged between
0.7 and 68 nmol m�3 with the average of 25 nmol m�3, and
soluble NO2

� has a range of 0.03–3 nmol m�3 and mean
value of only 0.7 nmol m�3 (Table 1). Soluble NO3

� and
NH4

+ were the two major components of soluble inorganic N
(SIN) in the aerosol. SIN is often considered to be bioavail-

able in the water column and consequently used in this
study to estimate the dry deposition flux of N nutrient to the
Gulf. The TSN ranged from 25 to171 nmol m�3 of air and
the soluble organic N (SON) defined as the difference
between TSN and SIN ranged between 0.05 and
29 nmol m�3 with a mean value of 8 nmol m�3 (Table 1).
The SIN concentrations were found to be strongly correlated
with the TSN (r = 0.99, slope = 0.86, Figure 5) consistent
with the dominance of the inorganic species which
accounted for 86% of aerosol TSN over the Gulf.
[16] To our knowledge, no data of aerosol NO3

�, NH4
+ and

NO2
� contents in aerosols over the Gulf of Aqaba were

previously reported. However, our observations of the
soluble NO3

� and NH4
+ concentrations are in reasonable

agreement with the values reported for various coastal sites
in the eastern Mediterranean (Table 2). The measured
mean NO3

� (39 nmol m�3) is in the middle of the range
reported for the three eastern Mediterranean sites Finoka-
lio [Bardouki et al., 2003; Kouvarakis et al., 2001;
Mihalopoulos et al., 1997], Erdemli [Mace et al., 2003;
Kocak et al., 2004; Ozsoy et al., 2000] and Tel-Shikmona
[Herut et al., 2002]. Finokalio has the lowest NO3

� con-
centrations, probably because it is a small village on the
northern coast of Crete Island with limited human activities
within 20 km of its range. Tel-Shikmona, on the other hand,
is adjacent to the industrial city of Haifa and therefore has a
mean NO3

� concentration twice as great as that observed in
the Gulf. The measured NH4

+ concentrations in our samples
are about a factor of 2–5 lower than those reported from
the eastern Mediterranean sites [Bardouki et al., 2003;
Kouvarakis et al., 2001; Mihalopoulos et al., 1997; Mace
et al., 2003; Kocak et al., 2004; Herut et al., 2002],
which may be a result of a dominant mineral dust compo-
nent and a relatively low anthropogenic fraction in the Gulf
aerosols (see section 3.1). Indeed, Herut et al. [2002]
reported that the mean NH4

+ concentration was about a
factor of 4 lower in desert type air masses (29 nmol m�3)
than in ‘‘normal air’’ (129 nmol m�3) at Tel-Shikmona, and
our observation of soluble aerosol NH4

+ (25 nmol m�3) was
comparable to that in the desert type air (29 nmol m�3).

Figure 4. Atmospheric concentrations (nmolm�3) of water-
soluble aerosol NO2

�, NH4
+ and NO3

� and total soluble N
(TSN) measured between 20 August 2003 and 10 September
2005 at the northwest coast of the Gulf of Aqaba (29�310N,
34�550E).

Table 1. Statistical Characteristics of Concentrations of Water-

Soluble Aerosol NO2
�, NO3

� and NH4
+, Soluble Inorganic Nitrogen

(SIN), Total Soluble Nitrogen (TSN), Soluble Organic Nitrogen

(SON), Soluble PO4
3�, Total Soluble Phosphorus (TSP), Soluble

Organic Phosphorus (SOP), and Soluble Iron (SFe) Measured at the

Northwest Coast of the Gulf of Aqaba (29�310N, 34�550E) Between
20 August 2003 and 10 September 2005 (n = 137)

Nutrients

Concentrations, nmol m�3

Range Median Mean SD
95%

Confidence

NO3
� 11–93 35 39 19 3

NH4
+ 0.7–68 22 25 14 2

NO2
� 0.03–3 0.6 0.7 0.6 0.1

SIN 22–149 64 65 24 4
TSN 25–171 69 73 28 5
SON 0.05–29 6 8 5 0.9
PO4

3� 0.09–2 0.3 0.4 0.2 0.04
TSP 0.04–3 0.5 0.6 0.4 0.06
SOP 0.008–0.9 0.2 0.2 0.1 0.02
SFe 0.04–1 0.2 0.3 0.2 0.04
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[17] Our time-integrated sampling of aerosols with the
undenuded HVS and sample handling may lead to errors in
aerosol-nitrate measurement, due to the evaporation loss of
the semivolatile ammonium nitrate or adsorption of nitric
acid gas. The volatilization impact may result in underesti-
mation of the true nitrate concentrations and thus deposi-
tion. The amount of nitrate loss is dependent on the filter
material, loaded particle mass and ambient meteorological
conditions such as temperature and humidity [Wang and
John, 1988; Chang et al., 2000; Schaap et al., 2004].
Evaporation loss of ammonium nitrate was only found
when Teflon and quartz filters were used (here we use
polycarbonate filters), and the amount lost was substantial
only at high temperature (>25�C [Schaap et al., 2004]). It
was also found that the nitrate loss could be as high as 85–
95% at low mass loading (93–208 mg) but was less than

10% when the loaded particle mass was high (>2500 mg) as
at our site [Wang and John, 1988]. The concentration
enrichment of particulate-phase nitrate could result in a
decrease of evaporation losses from 30–80% to less than
5% for undenuded Teflon filters [Chang et al., 2000].
Although the hot and dry weather in Eilat tends to increase
the evaporation of particulate ammonium nitrate, our filter
type and the sampled aerosol masses on the filters which
were all heavier than 2500 mg would significantly decrease
the rate of evaporation. Moreover, mineral dust is the major
aerosol component in this desert-surrounding region and
nitrate in such samples is often associated with the coarse
mode dust particles [Savoie and Prospero, 1982; Spokes et
al., 2000] and thus present in the form of stable compounds
like Ca(NO3)2. In addition to the potential evaporation
artifact, the nitrate concentration can also be overestimated
because of adsorption from the gas phase. This also depends
on the filter type; specifically, cellulose filters were found to
adsorb significant amount of nitric acid gas which is then
assigned to aerosol nitrate [Savoie and Prospero, 1982;
Schaap et al., 2004]. The use of polycarbonate filter (the
thinnest filter type) in our sampling will not cause such
severe overestimation of aerosol nitrate. Although we can-
not quantify the impact of these evaporation and adsorption
processes on our nitrate concentration estimates we expect
them to be small (and compensating each other) because of
the high aerosol load and filter type used in our samples.
This is the first attempt to investigate the concentrations and
fluxes of aerosol nutrients over the Gulf of Aqaba, further
studies on aerosol nitrate using a denuded sampler should be
done in the future, however the 2-year field data reported in
this study still provides critical information for modeling the
nutrient dynamics of this oligotrophic marine system.
[18] Concentrations of soluble aerosol PO4

3� and TSP are
plotted against the sampling dates in Figure 6. Like for the
N species there was no strong seasonal trend for either P
species, however, relatively higher concentrations of soluble
PO4

3� and TSP are seen during September to January (mean
0.5 and 0.7 nmol m�3 respectively) compared to other
months (mean 0.3 and 0.5 nmol m�3, Figure 6). This
periodic change of aerosol P concentration is consistent

Table 2. Comparison Between the Measurements Obtained During This Work and Those Reported in the Literature for the Eastern

Mediterranean Area Regarding Aerosol NO3
� and NH4

+ Concentrations

Value Location Period Reference

Aerosol NO3
�, nmol m�3

39 ± 19 Eilat, Israel Aug 2003 to Sep 2005 this work
25 ± 4 Finokalia, Crete Island Jan 2000 Bardouki et al. [2003]
27 ± 13 Finokalia, Crete Island Oct 1996 to Sep 1999 Kouvarakis et al. [2001]
24 ± 18 Finokalia, Crete Island Mar 1994 to Apr 1995 Mihalopoulos et al. [1997]
36 ± 20 Erdemli, Turkey Mar to May 2000 Mace et al. [2003]
54 ± 40 Erdemli, Turkey Jan 1996 to Dec 1999 Kocak et al. [2004]
44 Erdemli, Turkey Oct 1991 to Dec 1992 Ozsoy et al. [2000]
93 ± 29 Tel-Shikmona, Israel Apr 1996 to Jan 1999 Herut et al. [2002]

Aerosol NH4
+, nmol m�3

25 ± 14 Eilat, Israel Aug 2003 to Sep 2005 this work
43 ± 5 Finokalia, Crete Island Jan 2000 Bardouki et al. [2003]
53 ± 21 Finokalia, Crete Island Oct 1996 to Sep 1999 Kouvarakis et al. [2001]
54 ± 32 Finokalia, Crete Island Mar 1994 to Apr 1995 Mihalopoulos et al. [1997]
49 ± 38 Erdemli, Turkey Mar to May 2000 Mace et al. [2003]
36 ± 23 Erdemli, Turkey Jan 1996 to Dec 1999 Kocak et al. [2004]
117 ± 88 Tel-Shikmona, Israel Apr 1996 to Jan 1999 Herut et al. [2002]

Figure 5. Strong correlation between the water-soluble
inorganic N (SIN) and the total soluble N (TSN) concentra-
tions (nmol m�3) in the Gulf of Aqaba atmosphere.
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