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Abstract: Desert dust deposition is thought to act as fertilizer for phytoplankton growth, since it is
rich in the required nutrients. The Mediterranean Sea is a nutrient poor marine environment—with
its eastern part being the most oligotrophic—which is subject to dust transport. The Hellenic
Seas are part of this low-nutrient, low-chlorophyll environment and they are also affected by dust
deposition events. Thus, the dust fertilizing effect can be particularly important, especially during
the stratification period, when the nutrients needed for phytoplankton growth are not imported from
deeper layers. Some individual dust events are examined here in respect of their possible influence on
phytoplankton, through the observed variations of satellite derived chlorophyll concentrations. Two
strong dust events that were also extreme weather events and three events in the June–September
stratification period are examined for the Hellenic Seas as well as a strong dust event in the Central
Mediterranean Sea. The results, only when based on absolute chlorophyll differences above 50%, show
that dust events seem to favour phytoplankton abundance mainly during the low productive period;
however, these differences are area-limited. The difficulty of reaching safe results through specific dust
events and discriminating between other meteorological factors favouring phytoplankton growth are
also discussed.

Keywords: ocean color satellite data; phytoplankton; Hellenic Seas; Aegean Sea; Ionian Sea; Central
Mediterranean; Low-Nutrient Low-Chlorophyll (LNLC) Marine Areas; Geographic Information
System (GIS)

1. Introduction

Phytoplankton is the basis of the marine food chain, with its photosynthesis being comparable
with that of the terrestrial plants [1]. Its growth is controlled by the availability of light and the
macronutrients nitrogen (N) and phosphorous (P), plus the micronutrient iron (Fe) that is required
in small amounts for cellular processes [2]. The sources and mechanisms by which these nutrients
are made available to phytoplankton are subject to continuous research. For most of the oceanic
regions, atmospheric deposition is the main source of nutrients [3] and especially dust deposition
since it contains all the required ingredients [4,5]. The relevant research started on the high-nutrient,
low-chlorophyll (HNLC) marine areas, characterized by low primary production and at the same
time by high nutrient availability. For these regions, Fe was recognized as the limiting nutrient
and was found to increase chlorophyll concentrations proportionally to its added amount [6]. The
“iron limitation hypothesis” was formulated with possible effects even on climate, as a result
of the drawdown of atmospheric carbon dioxide (CO2) due to great phytoplankton abundance
caused by Fe-dust enrichment [7]. Experiments were conducted and supported the iron limitation
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hypothesis, for example, [8–11], while several studies dealt with its connection to climate variability,
for example, [4,12].

The research was expanded to low-nutrient low-chlorophyll (LNLC) areas, that is, to the
oligotrophic 60% of the global ocean [13], where Fe can only have a co-limiting role for
phytoplankton [14]. The dust impacted LNLC areas usually have enough Fe and their primary
production is mainly controlled by the availability of P and N [15–17]. Since desert dust contains these
nutrients, the “iron limitation hypothesis” was reformed to the “dust fertilization hypothesis” and was
tested in LCLN regions, usually with supportive results [14,18–20].

The Mediterranean Sea is a LNLC environment in which higher chlorophyll-a (chl-a)
concentrations—a proxy for phytoplankton abundance—are observed during late winter-early
spring [21] and its central and eastern parts have in general been identified as non-blooming areas [22].
A large part of this phytoplankton variability can be explained by the winter-spring water column
mixing and the differences in the mixed layer depth (MLD) [23], which is deeper in the eastern part
of the basin [24]. The Sea presents a high N:P ratio suggesting that P is the limiting factor, especially
for its eastern part, where this ratio is unusually high [25]. Thus, P is thought to be the main limiting
nutrient for phytoplankton growth with decreasing concentrations from west to east [26] similar
to the eastward enhancement of the oligotrophic conditions [27]. The low nutrient concentrations
in the Mediterranean—the lowest being over the eastern part—[28] reveals the importance of the
atmospheric nutrient deposition, especially during the stratification period. The presence of desert
dust particles characterizes the Mediterranean atmosphere [29,30] and the Sea is subject to a high rate
of desert dust deposition [31] mainly favoured in winter and spring, when dust is transferred close to
the surface [32]. Increased frequency of large and very large dust deposition events has been found in
autumn and winter [33]. Dust deposition over the Mediterranean presents a decreasing gradient to
the north and the Central Mediterranean has been found to be the most affected by dust deposition
events [34]. According to the study in Reference [33] the frequency of large deposition events is higher
over the western basin, while very large events characterize its central and eastern parts. Thus, the
Mediterranean Sea offers an ideal LNLC environment for testing the dust fertilization hypothesis.

Experiments and observations in the Mediterranean have shown that dust can provide seawaters
with N, P or both [35–42] that are of particular importance, especially during the stratification
period when nutrients cannot be transferred from deeper waters to the surface. As far as Fe is
concerned, its concentrations in the Sea due to dust addition or atmospheric deposition rather exclude
Fe-limitation [38,42]. However, it has been argued that although this is the case during the stratification
period, in spring the increased biological activity can decrease the dissolved Fe even to limited levels
for phytoplankton [43]. It has also been suggested that dust derived Fe, by absorbing P, could even be
the reason for the high N:P ratio in the Eastern Mediterranean, that is unfavourable for phytoplankton
growth [25].

Experiments conducted over LNLC areas of the NW Mediterranean Sea and mainly under
stratification conditions were in general supportive to the dust fertilization hypothesis: two successive
wet dust additions both favoured phytoplankton species [44,45] and wet deposition resulted in
significant increases of chl-a concentration and primary production [46]; Saharan dust and Fe plus
P inputs favoured primary production, although the environment remained oligotrophic [35]; dust
amended favoured both autotrophic and heterotrophic communities and chlorophyll concentration was
remarkably increased after high dust inputs [39]; high dust and P additions favoured the autotrophic
community [47]. On the contrary, dust events primarily favoured heterotrophic bacteria [48]; low dust
additions were found to first favour the heterotrophic community [47] and dry dust deposition caused
no changes in chl-a concentration [46]. Experiments and measurements in the Eastern Mediterranean
Sea have shown more contradictory results: a significant increase in chl-a concentration was observed
after the addition of both N and P [49]; chl-a increased linearly to the added fresh dust and after a
dust storm a slight increase in chl-a and bacterial was observed [42]; the atmospheric deposition of
N and P seemed to increase primary production [40]. On the other side: no phytoplankton increase
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was detected after dust events [37]; after a P-addition no change in chl-a was found [50]; a P addition
resulted in an increase in bacterial and a chlorophyll decline [51]; after dry and wet deposition events
little or no phytoplankton response was observed [52].

Studies based on satellite derived chlorophyll data for the entire Mediterranean have also ended
up showing contradictory results: negative correlations were found between chlorophyll concentration
and aerosol optical depth (as proxy for the presence of dust in the atmosphere) [53]; the significant
correlations between aerosol optical thickness and chlorophyll concentrations at near-zero time lag
were interpreted as an artefact caused by the impact of dust on the satellite data, while the significant
correlations at greater time lags were few and indicative of a rather insignificant dust role [54].
In contrary: chlorophyll increases were observed shortly after dust deposition events [55]; weekly
chlorophyll concentration data and model dust deposition data were found correlated in quite large
areas especially of the Eastern Mediterranean and the Central part of the Sea was characterized as “the
most responsive to dust deposition” [56]; small positive statistically significant correlations were found
between chlorophyll and dust deposition, mainly in spring and for the Central and Eastern basins,
with the seasonally detrended chlorophyll data resulting in lower and more limited correlations [57];
significant chlorophyll peaks in respect to the week before were found after very large dust events
along with a possible pattern of an eastward decrease in the Sea’s responsiveness to high deposition
dust events [33].

The Hellenic Seas, part of the LNLC eastern Mediterranean, are poorly studied regarding the
possible effects of dust on phytoplankton growth. A significant dust transport in May 2013 over the
area when dust load was high for almost 15 days, in respect to May 2012 when no significant dust
load was observed, resulted in approximately doubled monthly chl-a concentrations even over the
less productive areas of South Aegean Sea [58]. In the current study, the possible influence of dust
events on phytoplankton is examined as revealed by satellite derived chlorophyll concentrations.
The study is focused on the Hellenic Seas, while a strong event over the Central Mediterranean
Sea is also assessed. It is noted that such a research focusing on the Hellenic Seas is missing from
literature. Two strong events in March characterized also by extreme weather conditions and three
events during the stratification period (one in June and two in September), when dust nutrients
are supposed to have the maximum influence on the marine environment, are examined for the
Hellenic Seas. Care was taken in the selection of the episodes during the June-September period in
order not to be accompanied by high winds and heavy rainfall; these weather conditions can also
favour phytoplankton growth by introducing nutrients from deeper layers or from the atmosphere
to the surface waters. Chlorophyll differences before and after the events were calculated for the
dust-affected areas and separately for the subareas of wet dust deposition. The results show both
increases and decreases in chlorophyll concentrations after the events; however, when based on the
area-limited absolute chlorophyll differences above 50%, they indicate a possible favourable effect of
dust on phytoplankton, mainly during the low productive period. The present paper contributes to
the relevant research through the study of specific events that is quite rare especially for the Hellenic
Seas; the difficulties in drawing a safe conclusion are highlighted as well.

2. Materials and Methods

The marine area of about 460,000 km2 lying between 41.1◦N, 19.5◦E, 34◦N and 29.6◦E, herein
referred to as “the Hellenic Seas,” is the main study area for the dust episodes; it is shown in Figure 1
along with the nineteen years (1998–2016) chlorophyll mean from June to September calculated from
Copernicus Marine Environment Monitoring Service (CMEMS) monthly products. The area of the
Central Mediterranean that is also examined was determined by dust Aerosol Optical Depth (AOD)
values >0.8. In summary, for each dust episode recognized through dust AOD values—plus particulate
matter (PM10) measurements for the Hellenic area—percentage differences of weekly satellite derived
chlorophyll concentrations before and after the event were computed. Such differences were also
calculated for the areas impacted by rain and account for wet deposition. For the episodes over the
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Hellenic Seas, daily chlorophyll differences were also computed. Absolute percentage chlorophyll
differences above 50% were considered “significant” and are presented separately. The major part of
data analysis was implemented in a Geographic Information System (GIS) environment.
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Figure 1. The main study area together with the chlorophyll concentration 1998–2016 climatological
mean from June to September plus the geographical locations of PM10 stations.

2.1. Data

For the presence of dust in the atmosphere, near-real-time data of the “Dust Aerosol Optical Depth
at 550nm” (dust AOD), available from the Copernicus Atmosphere Monitoring Service (CAMS) were
used. It is noted that the typical dust AOD values are 0.1–1, with values <0.1 denoting there is virtually
no dust at all; however, they can be >1 showing very high dust concentrations. In addition, PM10
station data (Figure 1) of the Greek Ministry of Environment and Energy through http://www.ypeka.gr
were used. These measurements are conducted very close to the surface and the stations are situated
in urban or suburban mainland areas. The chlorophyll data is multi satellite observations from
CMEMS, L4 for the weekly data and L3 for the daily ones, computed via regional (Mediterranean)
ocean colour algorithms. Data from the European Centre for Medium-Range Weather Forecasts
interim reanalysis (ECMWF-ERA Interim project) plus daily accumulated precipitation of the Global
Precipitation Measurement (GPM) product from giovanni.gsfc.nasa.gov were employed to define
areas with precipitation. The Extreme Forecast Index (EFI) of the ECMWF ensemble prediction system
was used for the identification of areas impacted by extreme precipitation or winds for the March
episodes. The description of the weather conditions was also based on data from the Hellenic National
Meteorological Service (HNMS) plus satellite Advanced Scatterometer (ASCAT) wind measurements.

2.2. Method

The first two dust episodes, that have taken place in March, were selected as extreme episodes that
affected all the study area. Strong dust episodes, in winter and spring, are accompanied by gale winds,
heavy rains or strong thunderstorms, that can also favour primary production importing nutrients
to the surface layers through mixing processes from deeper layers or through precipitation from the
atmosphere. Therefore, it was difficult to disentangle between the meteorological factors possibly
affecting phytoplankton growth. Thus, the next three dust events studied were selected to have taken
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place in June-September period for two reasons: (a) because of the water column stratification during
summer and early fall that highlights the role of dust imported nutrients and (b) because during this
period it is quite possible to find individual dust events not accompanied by gale winds and heavy
rainfall. The disadvantage is that, during this time of the year, dust transport can be above a certain
level and deposition can be quite limited. It was difficult to select such dust episodes, since some
strict criteria were set: the episodes were not to have been accompanied by gale winds, heavy rains
or strong thunderstorms and if possible such phenomena to be also excluded before and after the
events. It is noted that high winds were found together with dust events when chlorophyll increases
were observed and their effects could not be disentangled [55,59]. The episode concerning the Central
Mediterranean was selected for being strong and reported in the ECMWF-CAMS validation report of
March–May 2017 as well captured by the dust AOD data.

A minimum dust AOD value of 0.3 was set—where needed—in defining the areas impacted
by dust to ensure the presence of dust in the atmosphere over the Hellenic Seas. Evaluations of the
ECMWF/MACC (Monitoring Atmospheric Composition and Climate) AOD re-analysis at visible
wavelengths against measurements and observations showed that it presents an overestimation when
dust load is low especially during spring, summer and autumn and an underestimation for values
>0.3 [60], while a root mean square difference from observations of about 0.25 was reported for
Thessaloniki AERONET (AErosol RObotic NETwork) station [61]. In addition, during the summer
and autumn events of the present study, PM10 values <50 were observed when the forecasted dust
AOD was <0.25. For the dust episode over the Central Mediterranean, the study was conducted for
the region with dust AOD >0.8, in order to define an area with more than doubled AOD values during
the event compared to the weeks before and after it, although during these weeks the values were <0.2
over the greater part of the region. Since high atmospheric dust loads revealed through AOD values
do not necessarily account for deposition, the latter was confirmed with the use of PM10 station data.
The use of these data is especially important for the June and September events when dust travels at
higher altitudes in the atmosphere and is usually not accompanied by precipitation [62], facts that
could result in low or near zero deposition.

Dust influence on chlorophyll concentration has been found to last about a week [46,47]; thus,
weekly chlorophyll percentage differences for the weeks before and after the events were calculated.
Since the absolute percentage differences reported between in situ observations and chlorophyll satellite
data is approximately 50% [63], the chlorophyll differences above this level, are separately presented
and hereafter mentioned as “significant.” The area indicated for precipitation during the episodes by
both ECMWF and Giovanni data was considered as area of wet deposition and weekly chlorophyll
differences were separately calculated. A statistical paired-t test was applied to the weekly chlorophyll
values, in order to check whether their means over the dust affected areas differ significantly before
and after the events. For the first two episodes, that were extreme weather events for Greece, weekly
chlorophyll differences were also calculated for the area impacted by extreme rain or by extreme
wind, as indicated by the precipitation EFI and the wind EFI respectively. In addition, for all cases
of the Hellenic Seas, chlorophyll differences were calculated between some day before the event and
the 3rd up to 6th day after the event depending on the availability of the daily chlorophyll data
in a quite wide area. It is noted that chlorophyll responses to dust addition have been found after
3 to 4 days [33,35,42,45,47,49]. Taking in mind the possible disturbance in satellite derived chl-a
concentrations caused by dust mimicking chlorophyll and increasing the extracted values that has
been referred in the past, for example, [54,64], care was taken in order the daily satellite data used
not to be affected by the presence of dust in the atmosphere. Thus, the selected days before and
after the event were characterized by dust AOD <0.1 over a large region, while all chlorophyll data
in areas with AOD >0.1 were excluded. It is noted that daily data was used in order to capture
possible temporary chlorophyll increases that had no particular influence on the weekly concentrations.
However, the relevant calculation presents two disadvantages: the smaller amount of available data
and the possibility chlorophyll variations not to have taken place on these days. Last but not least, the
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prevailing weather before-during and after the events was taken into account in order to comment on
other possible influences, except the ones of dust, on chl-a concentration.

3. Results

3.1. Heavy Rainfall and Dust: 25–28 March 2015

From 25 to 28 March 2015 an extreme weather event was recorded for Greece, with heavy rains
and thunderstorms, gale southeasterlies that reached 9 Beaufort (Bf) over the Ionian and the S Aegean
and 8 Bf over the N Aegean plus African dust transport over the country. The southern part of a highly
meridional pattern at 500 hPa extending from north Europe down to Africa with cold air masses of
−25 ◦C developed a cut-off low of 540 gpdm and a 1005 hPa surface depression southwest of Greece.
This well-organized system moved north-eastwards affecting Greece with extreme weather and caused
the dust transport. The event was mainly characterized by abnormal heavy rainfall regarding the
season. Ending the episode, northerlies up to 7 Bf prevailed for one day overseas. The following week
was characterized by low to moderate winds that at times reached 7 Bf only over the south parts, some
local rains and a lot of shiny intervals. By the end of the week after the event, meteorological conditions
were again favourable to dust transportation and southerlies reinforced to 8 Bf over the Aegean.

PM10 measurements gave maximum values of 112 µg/m3 for Patras and 123 µg/m3 for Attica
region. It is noted that over the north-northwest part of the country, PM10 concentrations, compared to
the AOD values, indicated a less strong episode. The maximum dust AOD during the episode and the
chlorophyll percentage differences between the week that followed (30 March–6 April 2016) and the
previous one (14–21 March 2016) are given in Figure 2, while chl-a concentrations of the week before
the episode are shown in Figure S1. An increase in chlorophyll concentrations was recorded the week
after the event in respect to the one before over the 59.9% of the region. The significant chl-a differences
referred to the 7.7% of the data and were increases for the 94.4%, mainly over areas with low initial
chl-a concentrations (as shown in Figure S1). It is noted that since precipitation was recorded over all
areas, the above results account also for wet dust deposition. The mean chlorophyll concentration of
the affected area was statistically significant higher after the event for both the above comparisons;
over the area presenting absolute percentage chl-a differences above 50% this increase is larger.
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Figure 2. (a) Maximum dust aerosol optical depth (AOD) during the episode 25–28 March 2015;
(b) Chl-a % differences between the weeks before (14–21 March 2015) and after (30 March–6 April 2015)
the event.

The daily chlorophyll differences before and after the event were computed between 19 or
20 March—from 21 to 24 March AOD values implied the presence of some dust over the west and
south parts—and 31 March or 1 April, that is, three or four days after the event. The chl-a percentage
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differences between 20 March and 31 March referred to the Ionian Sea (Figure S2a) and were increases
for the 59.2% of the region, with the significant ones (7% of the data) being increases by 97.9%, not
presenting large differences from the weekly calculations. Between 19 March and 1 April, the available
data referred to the Aegean Sea and revealed an increase in chl-a over the 66.9% of the region, with the
significant chlorophyll differences (15.5% of the data) being increases by 92.9% (Figure S2b). A quite
larger area presenting significant chl-a increases was revealed in respect to the weekly differences,
showing in addition that large temporal increases have taken place over the south-eastern part of the
study area.

Over the area impacted by extreme rainfall as defined by the precipitation EFI, the weekly
chlorophyll differences were increases for the 62.2% of the region, with the significant ones (9.5%
of the data) being increases by 94.5% (Figure S3a,b). These results are quite similar to those for the
whole area, since its greater part was affected by heavy rains. The area indicated by the wind EFI
for extreme winds, presented an increase in chl-a over the 61.9%, with the significant chlorophyll
differences referring to the 4.0% of the data and being increases by 98.1% (Figure S3c,d). It is noted
that the latter area was also affected by extreme rainfall.

In all calculation cases more than 59.2% of the areas presented chlorophyll increases after the
event and the significant chl-a differences—although limited to a maximum of 15.5% of the data—were
increases at a percentage exceeding 92.9%. The above results imply that the dust episode could have
had an impact on phytoplankton growth; however, it is difficult to disentangle between dust and
extreme rainfall as favouring factors.

3.2. Strong Gale Winds and Large Amounts of Dust: 22–24 March 2016

A mid-level trough with SW-NE orientation, minimum height of 532 gpdm at 500 hPa and cold
air masses (−25 ◦C) affected the study area. It developed an extended 995 hPa surface depression over
NW Greece accompanied by a cold front that passed through the country, causing high impact weather.
The dust transport episode initiated on 22 March together with south southeasterlies 7–8 Bf overseas
and absence of rain. It continued up to 24 March with surface winds that over the Aegean reached 9 Bf
with gusts up to 11 Bf and some rains and storms at places; the rainfall was of no particular intensity,
except over the Ionian Sea—as far as marine areas were concerned—and the west and north mainland.
Compared to the episode of March 2015, significant smaller precipitation amounts were recorded
overseas and stronger southerlies prevailed especially over the Aegean Sea. The main characteristic
of this event was the strong gale winds. Ending the episode north-northwesterlies (locally up to 7 Bf
over the S Aegean) and unstable weather with some rains and storms prevailed. The following week
was characterized by a lot shiny intervals and winds that locally reached 7 Bf over the Aegean for one
day, that is, quite similar weather conditions with the ones of the corresponding week of the previous
case examined.

During this dust episode, visibilities were reduced to 2 km and even lower on 23 March—
according to HNMS station data—a rare phenomenon for Greece. The maximum values of PM10
concentrations recorded were: over Attica region 806 µg/m3; over west Greece 243 µg/m3 for Patras
and 174 µg/m3 for Ioannina; over central mainland 94 µg/m3 for Livadeia, 79 µg/m3 for Lamia
and 66 µg/m3 for Volos; over north Greece 132 µg/m3 for the Thessaloniki region. The above
measurements denote an extended and extreme dust episode over the country, much stronger than the
one previously examined.

In Figure 3 are shown the maximum dust AOD values during the event and the percentage
chl-a differences of the week after the event (29 March–5 April 2016) in respect to the week before
(13–20 March 2016); the initial chlorophyll concentrations of the week before the event are given
in Figure S4a. An increase in chlorophyll was observed only over the 7.6% of the area, while the
very few significant chl-a differences (0.9% of the data) were increases by 56.7%. For the region with
precipitation, accounted as area of wet deposition (Figure S4b), the above percentages were quite
higher: increases in chlorophyll cover the 11.1% of the area, the significant chl-a differences were
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the 1.7% of the data and were increases by 57.7%. Area’s chlorophyll means before and after the
event were statistically significant different; however, they revealed a decrease when all data were
considered and an increase when only the data referring to absolute chl-a differences above 50% were
taken into account.
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The above results, being controversial to the ones of the previous case, led to the calculation of
the chlorophyll differences between several pairs of days before and after the event, in an effort to
reveal possible temporal chlorophyll increases; all calculations were made under the condition of
AOD <0.1. Although chlorophyll data were not available over wide areas, their differences between 20
and 28 plus 19 and 28 March—4 days after the event—and 19 and 30 plus 20 and 30 March—6 days
after the event—were calculated. The analytical results (Figure S5a–d) are included in Table 1 of the
discussion section. The maximum percentages were: chlorophyll increases for the 37.8% of the area
between 19 and 28 March, significant chl-a differences for the 4.6% of the data between the same days
and significant increases for the 68.6% of the data between 20 and 28 March. The latter revealed a
wider region with increased chl-a values over the S Aegean than the weekly data, denoting a probable
temporal increase although differences are not >50%.

Extreme rainfall impacted a small area of the Ionian Islands and coastal areas. For this area,
chlorophyll increases covered the 19.2% and the significant chl-a differences were the 3.4% of the
data with the 73.3% of them being increases (Figure S6a,b). The percentage of the area presenting
an increase in chlorophyll was higher here but this fact can also be attributed to nutrients brought
to the Ionian near coast sea area by heavy rains and/or river discharges. Extreme winds impacted
almost all areas and the results were comparable to the ones of the weekly calculations (Figure S6c,d):
chlorophyll increases for the 7.5% of the region, significant chl-a differences for the 0.9% and 58.4%.of
them increases.

This very strong dust episode did not favour chlorophyll concentrations. Compared to the
previous case examined that has possibly favoured phytoplankton growth, this dust event was more
intense and characterized by stronger winds and lower precipitation.

3.3. Early Summer Heat Wave and Dust: 18–21 June 2016

An extended 500 hPa ridge over Greece together with a thermal ridge at 850 hPa and a quite
smooth surface pressure field causing light northerlies overseas depict the synoptic conditions of the
18–21 June 2016 dust event. A heat wave was recorded during this episode with temperatures up to
41 ◦C over mainland and 37 ◦C over islands. Before the event, the measured chlorophyll could have
been positively influenced by winds from south directions that reached 6 Bf over the Ionian and 7 Bf
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over the Aegean plus some strong storms over the Ionian Sea. The dust episode and the heat wave
ended by 21 June from the north part, with north winds reaching locally 6 Bf over the Ionian and 7 Bf
over the Aegean Seas until 23 June.

The available PM10 data showed concentrations that reached 172 µg/m3 over Attica region,
79 µg/m3 over Thessaloniki region and 83 µg/m3 over Patras. The maximum dust AOD during the
episode and the chlorophyll percentage differences of the weeks before (9–16 June 2016) and after
(25 June–2 July 2016) the event are presented in Figure 4. The chl-a values of the week before the event
and the chlorophyll differences for the area accounted for wet deposition are given in Figure S7a,b. The
weekly chlorophyll differences showed increases for the 33.3% of the area, while the significant chl-a
differences (1.6% of the data) were by 74.8% increases. The area of wet deposition was not an extended
one and was characterized by higher percentages of chlorophyll increases (44.2% of the region) as well
as of significant differences (4.8% of the data) and quite the same percentage of significant increases
(74.2%); these results probably show a more favourable influence of wet deposition on chlorophyll
concentrations. Comparing the chlorophyll means over the affected area before and after the event, the
statistically significant results revealed a small decrease when all data were considered and a larger
increase when the data corresponding to absolute percentage chl-a differences above 50% were used.
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The daily chlorophyll differences, calculated between 16 and 24 June 2016—3 days after the
event—referred to the Aegean and revealed a significant chlorophyll increase over its E-NE part
(Figure S8) where the initial concentrations were quite low, that was not shown by the weekly data.
The daily results presented a greater area of chlorophyll increases (51.3% of the region), as well as of
significant chl-a differences (9.9% of the data) and increases (96.2%) than the weekly data, denoting
that chlorophyll concentrations could have temporarily been favoured by the dust episode. At this
time of year, chlorophyll is in a decreasing face and the marine environment is in general oligotrophic.
Thus, the temporal character of the chl-a increase could be attributed to the quick phytoplankton
consumption by the upper trophic levels. It is noted that although the wind intensity after the event
was comparable to the one before, the strong northerlies, that prevailed over the Aegean Sea just after
it, could have caused upwelling over the area presenting the significant chl-a increases revealed by the
daily data. However, during the summer period the nutricline is deep and upwelling is not capable of
importing nutrients to the surface layers [65,66].

3.4. Late Summer Heat Wave and Dust: 6–8 September 2015

A 500 hPa anticyclonic pattern, an 850 hPa ridge together with warm air masses from Africa and
light to moderate northerlies overseas were the synoptic conditions of the 6–8 September 2015 episode
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that was accompanied by a heat wave. Although dust transport was favoured at higher altitudes in
the atmosphere, it was already intense at 850 hPa. In most areas winds before and after the event did
not vary significantly and some heavy rains were recorded over the N Aegean parts. The important to
be noticed is the reinforcement of southerlies on 9 September (just after the event) over the Ionian to
6–7 Bf and over its western parts to 8–9 Bf and the heavy rains over this area from 9 to 11 September,
that could have also affected positively the observed chl-a after the event.

PM10 data was very limited; however, over Attica region the concentration reached 69 µg/m3.
In Figure 5 are shown the maximum dust AOD values during the episode and the percentage
chlorophyll differences between the weeks before (29 August–5 September 2015) and after (14–21
September 2015) the event. The chl-a concentrations of the week before the event are presented in
Figure S9a. The weekly chlorophyll differences were increases for the 66.1% of the area, with the
significant ones—extremely limited to the 0.4% of the data—showing increase for the 95.0%. All the
calculated percentages were higher for the small area of wet deposition (Figure S9b): chlorophyll
increases over the 69.6% of the area with the significant chl-a differences, limited to the 0.5% of the data,
being all increases. A possible important role of wet deposition is again implied though based on a
very small amount of data. In all comparisons, the area-averaged chlorophyll values were statistically
significant higher after the event; the increase was larger when only the data referring to significant
differences were taken into account.
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Daily chlorophyll differences (Figure S10) calculated between 4 and 12 September 2015—4 days
after the event—showed less chlorophyll increases (18.7% of the area), more significant chl-a differences
(3.5% of the data) and less significant increases (73.4%). In addition, they revealed a large part of
the N Ionian Sea with chlorophyll increases even >100% that was not shown by the weekly data.
However, this area was affected by heavy rains after the event and south winds were also reinforced.
In consequence, the possible favouring factor for these significant chlorophyll increases cannot be
determined. It is noted that extreme weather events this time of the year have been found to cause an
increase in chl-a and sign the start of the chlorophyll increasing phase [67].

3.5. Fair Weather and Dust: 21–23 September 2014

An anticyclonic pattern at 500 hPa as well as at 850 hPa extended over the western central and
southern parts of the country, with warm air masses and a smooth surface pressure field with light
winds, were the synoptic weather conditions that favoured dust transport during 21–23 September
2014. Before the episode a few quite strong rains were recorded over the Ionian and the N Aegean Seas
while northerlies reached at times 7 Bf locally over the Aegean. The episode ended with northerlies that
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temporarily reached 7–8 Bf over the Aegean and rainy weather over the north parts of the country. The
days that followed—25 to 27 September—a 500 hPa trough affected the area, resulting in heavy rainfall
and thunderstorms while gale winds prevailed the following days. The rains and thunderstorms
together with the gale winds just after the episode could have also positively influenced the observed
chlorophyll concentrations. Thus, the chlorophyll variations calculated for this episode could be very
much affected by the prevailing weather conditions just after it.

PM10 concentration during the episode reached 87 µg/m3 over Attica region, 72 µg/m3 over
Ioannina, 96 µg/m3 over Patras and 74 µg/m3 over Larissa. The maximum dust AOD during the
episode and the chlorophyll percentage differences of the weeks before (30 September–7 October 2014)
and after (14–21 September 2014) the events are shown in Figure 6. In Figure S11 are presented the
chlorophyll concentrations of the week before the event and the weekly chlorophyll differences for the
area accounted for wet deposition. The week that followed the event, chlorophyll presented an increase
over the 80.0% of the region, with the significant chl-a differences (2.8% of the data) being by 99.1%
increases. For the region accounted for wet deposition, which was a very limited one, the percentages
were higher: increases in chlorophyll for the 87.8% of the area and the significant chl-a differences
(8.8% of the data) were all increases. Similar to the previous case, the area-averaged chlorophyll values
were statistically significant higher after the event in all comparisons; larger chlorophyll increases
resulted from the data referring to significant differences.
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between the weeks before (14–21 September 2014) and after (30 September–7 October 2014) the event.

The daily chlorophyll differences between 18 and 28 September (Figure S12) revealed significant
increases over the south-eastern part of the study area, that were not shown by the weekly data. The
75.8% of the area presented an increase in chlorophyll and the significant chl-a differences (7.7% of the
data) were by 98.7% increases.

The results here are quite supportive of the dust fertilizing role and especially the one of wet
deposition; however, the weather conditions just after the event were also favourable for phytoplankton
growth. It is noted that regardless the care taken for the selection of dust episodes not to be
accompanied by strong rains and winds, it is very difficult such weather conditions not to be present
before and after the dust events.

3.6. Dust over Central Mediterranean: 11–13 May 2017

The episode studied here is the one mentioned in the CAMS validation report as “Dust event
over Tropical North Atlantic and Central Mediterranean: 9–12 May 2017”; it was characterized as a
strong one and well captured by the model. The area studied was determined by dust AOD values
>0.8 between 11 and 13 May 2017 when this strong dust episode affected the Central Mediterranean.



J. Mar. Sci. Eng. 2019, 7, 50 12 of 19

A strong NW flow at 500 hPa, an 850 hPa ridge with warm air masses and strong surface
southerlies characterized the episode and favoured dust transport through lower and higher
atmospheric levels. The week before the event, winds locally reached 7 Bf for one or two days
and some rains were recorded over the Ionian Sea. During the episode southerlies 7–8 Bf prevailed
over the study area and precipitation was recorded almost everywhere. The week that followed was
quite rainy over the north parts and winds reached locally 7 Bf for one day. It is noted that the wind
reinforcement during the event could have also affected positively chlorophyll concentrations.

The examined area of dust AOD >0.8 and the chlorophyll percentage differences between the
weeks before (1–8 May 2017) and after the event (17–24 May 2017) are shown in Figure 7; the chl-a
concentrations of the week before are presented in Figure S13a. The weekly chlorophyll differences
were increases for the 44.4% of the area and the significant chl-a differences (limited to the 1.4% of
the data) were by 74.9% increases. Wet deposition characterized the major part of the area where a
chlorophyll increase was recorded over the 47.0% and the significant chl-a differences (1.8% of the data)
were increases by 74.7% (Figure S13b). It is noted that the areas with lower initial chl-a concentrations
mainly presented increases. The area’s mean chl-a concentration was statistically significant different
after the event only for the data referring to absolute chlorophyll differences above 50% and revealed
an increase.
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Figure 7. (a) Maximum dust AOD >0.8 during the episode 11–13 May 2017 that defined the study area;
(b) Chl-a % differences between the weeks before (1–8 May 2017) and after (17–24 May 2017) the event.

For proving that dust can positively affect phytoplankton growth, more pronounced chlorophyll
increases would have been expected after such an extreme event. Only based on the significant
chlorophyll differences—that were area limited—one can argue in favour of the fertilizing dust effect.

4. Discussion and Conclusions

The results of the study are summarized in Table 1.
The two March’s events that were also extreme weather events gave contradictory results and

made clear that no safe conclusion can be drawn when other favouring factors such as strong winds
and heavy rains are involved, although all of them could have led to chlorophyll increases. The most
extreme dust episode of March 2016, characterized by strong gale winds and limited heavy rainfall, did
not favour chlorophyll concentrations which presented a decrease over large areas. Significant chl-a
differences (a small amount of the data) presented increases over wider areas only in two cases: over
the 73.3% of the area of extreme rainfall—that being a coastal one could have also been affected by river
discharges—and over the 68.6% of the area as revealed through the daily calculations. Contradictory
results were extracted from the March 2015 episode, characterized mainly by extreme rainfall, where
the area presenting chl-a increases was larger than the one of decreases and the significant chlorophyll
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differences (up to 15.5% of the data) were increases at least by 92.9%. Although during these dust
events, there were also other meteorological factors (winds and rainfall) that could have favoured
primary production, chlorophyll did not increase after the stronger dust episode of March 2016. It is
noted that for the Eastern Mediterranean Sea the lower chlorophyll responses to large dust addition
events have been found [33]. In the same study [33], chlorophyll peaks were temporary even after
very large dust events, while a slight chlorophyll decrease was found for two events; in addition, no
pattern of larger amount of dust leading to greater chlorophyll increases was observed. For this area
and this period of the year, when chlorophyll concentrations over the Hellenic Seas have elevated
values, only a few positive correlations between chlorophyll concentration and dust deposition were
found and concern the N Ionian Sea [57]. It is noted that the MLD is the deepest in March at least for
the Aegean [24]; it is possible that under the enhanced mixing induced of the strong gale winds of the
March 2016 episode, nutrients were quickly scattered through the deep mixed layer and their effects on
surface waters could not be seen. It is also possible that nutrients from dust, compared to the available
ones from the deeper layers, can rather cause unimportant increases at this time of the year. On the
other hand, in an experimental study, dust accompanied by high winds (turbulence) was likely to
stronger affect phytoplankton [39]. One, arguing in favour of the dust fertilizing effect, could propose
as an explanation for the non-increased chlorophyll after the stronger event, that the environment had
become Fe limited; evidences found in the study of [68] denoted that large dust deposition events may
sink the surface dissolved iron. In any case, during these episodes there were also strong winds and
rainfall and their effects cannot be disentangled from the ones of dust.

Table 1. The results of all calculations are summarized. The cases presenting statistically significant
differences in the mean chlorophyll concentrations before and after the events, as derived by the weekly
data, are marked with an “s” (s-i for increase and s-d for decrease).

Dust Episode Chlorophyll Increase
(Area %)

Significant Chlorophyll
Difference (Area %)

Significant Chlorophyll
Increase (Area %)

Heavy rainfall and dust
25–28 March 2015

(dust AOD 0.8–2.5)

59.9 s-i 7.7 94.4 s-i

59.9 s-i (wet deposition) 7.7 94.4 s-i

62.2 (extreme rain) 9.5 94.5
61.9 (extreme wind) 4.0 98.1
59.2 * (Ionian Sea) 7.0 * 97.9 *

66.9 * (Aegean Sea) 15.5 * 92.9 *

Strong gale winds and large amounts
of dust

22–24 March 2016
(dust AOD 1.0–2.7)

7.6 s-d 0.9 56.7 s-i

11.1 s-d (wet deposition) 1.7 57.7 s-i

19.2 (extreme rain) 3.4 73.3
7.5 (extreme wind) 0.9 58.4

26.2 * (20–28 March) 1.0* 68.6 *
37.8 * (19–28 March) 4.6* 43.1 *
21.7 * (19–30 March) 1.9* 58.7 *
4.9 *(20–30 March) 0.6* 51.1 *

Early summer heat wave and dust
18–21 June 2016

(dust AOD 0.3–0.7)

33.3 s-d 1.6 74.8 s-i

44.2 s-d (wet deposition) 4.8 74.2 s-i

51.3 * (Aegean Sea) 9.9 * 96.2 *

Late summer heat wave and dust
6–8 September 2015
(dust AOD 0.3–0.8)

66.1 s-i 0.4 95.0 s-i

69.6 s-i (wet deposition) 0.5 100.0 s-i

18.7 * 3.5 * 73.4 *

Fair weather and dust
21–23 September 2014

(dust AOD 0.3–0.7)

80.0 s-i 2.8 99.1 s-i

87.8 s-i (wet deposition) 8.8 100.0 s-i

75.8 * 7.7 * 98.7 *

Dust over Central Mediterranean
9–13 May 2017

(dust AOD 0.8–1.5)

44.4 1.4 74.9 s-i

47.0 (wet deposition) 1.8 74.7 s-i

* Denotes daily data.

For the early summer heat wave and dust episode of June 2016, only by the significant chlorophyll
differences (again a limited amount of data) being increases by more than 74.2% can be assumed a
possible favourable influence of dust. It is noted that daily differences revealed a quite larger area
(9.9%) of differences >50% that were by 96.2% increases, including areas not shown by the weekly
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data. In the ultraoligotrophic and stratified June environment with low chlorophyll concentrations in a
further decreasing phase, when dust nutrients are supposed to have a dominant role, the increased
primary production is expected to be quickly transferred to upper trophic levels. Thus, it is possible
that temporal chlorophyll increases could not be seen neither in the weekly differences nor in the
examined daily differences. It is noted that statistically significant correlations between dust deposition
and chlorophyll concentration have been found for the area for the April-June period [57]. Two
September dust episodes were studied here, the late summer heat wave of September 2015 and the
fair weather one of September 2014; the latter’s results are very much “contaminated” by the weather
conditions that followed. For both, the chlorophyll differences were for most areas increases, with the
significant ones being almost all increases and for the limited areas of wet deposition all increases.
Since in September the quite low chlorophyll concentrations of the area are in an increasing phase
and the end of the stratification period begins, it is easier for the marine environment to sustain
the increased primary production. A more favouring effect of wet deposition can be implied by the
increase of both the percentages of the chlorophyll’s significant differences and the significant increases,
as in other studies [46]. For the July-September period, a relevant statistical analysis did not result in
significant correlations between chlorophyll and dust for the region [57]. It is also noted that in the
oligotrophic environment of the Eastern Mediterranean, bacteria can be firstly favoured by the dust
nutrients [42,69] and that the area is at times subject to air pollutants that can inhibit phytoplankton
growth [69].

For the strong dust episode of May 2017 over the Central Mediterranean Sea, only the area-limited
significant chlorophyll differences were by 74.9% increases, while these increases could also be
attributed to the gale southerlies during the event. It is noted that the area was found to present
significant positive relationships between chlorophyll concentrations and dust deposition for this time
of the year [57] and in May presents quite low chlorophyll values in a decreasing phase.

Comparing the chlorophyll differences found before and after the dust events studied, no safe
conclusion can be drawn, since increases as well as decreases were both present. A more favouring
role of wet dust deposition was implied by the heavy rainfall March event and the June-September
episodes. The significant chl-a differences for all cases were in high percentages increases (above 74.2%
of the data if the very extreme dust episode of March 2016 is excluded). However, these significant
differences corresponded, again for all cases, to a small amount of data (maximum 15.5% and in
majority much smaller. A possible favouring effect of dust on chlorophyll could be assumed from the
five out of six events and only by the significant differences; the two heat wave and dust episodes
of September 2015 and June 2016 stronger support this outcome. Since there are studies suggesting
that chlorophyll variations due to dust events even of moderate strength can hardly be detected from
satellite observations [42,70], maybe one should trust these significant chlorophyll differences. It is
also noted that for the area presenting absolute chlorophyll differences above 50%, the weekly mean
chl-a concentration after the events was statistically significantly higher than the one before in all cases
(Table 1). However, some of these significant increases could be also related to other factors favouring
phytoplankton growth, such as strong winds and heavy rainfall. Even if the studied episodes of the
June-September period were carefully selected in order other favouring meteorological conditions
for phytoplankton growth to be excluded, this could not be completely achieved especially regarding
the weather conditions that followed the September 2014 event. The method followed here could
be applied in any region for examining the influence of dust on primary production. Since there are
difficulties in discriminating between the influence of dust and of other meteorological factors, the
results would be safer for regions or time periods characterized by more stable weather conditions.
Statistical methods applied in long time-series of dust plus wind and precipitation data are rather
more suitable for disentangling the influence of these factors on chlorophyll concentrations.

The work presented here was an effort to explore the possible influence of desert dust on
marine chlorophyll concentrations through the study of specific dust events. According to authors’
knowledge, it is the first time that such a study is conducted for the Hellenic Seas. The prevailing
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weather before-during and after the events was taken into account and emphasis was given to
the meteorological factors of wind and precipitation that can also lead to chlorophyll increases.
The results showed both sign—positive and negative—chlorophyll variations; nevertheless, when
based on the area-limited significant chlorophyll differences, one could argue in favour of the “dust
fertilization effect” mainly during the low productive period. The study revealed also the difficulty
in discriminating between dust and other meteorological factors favouring phytoplankton growth
and reach safe conclusions. The possible fertilizing effect of dust remains a questionable matter as
discussed in the introduction section and as revealed from the present study of specific events.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-1312/7/2/50/s1,
Figure S1: Chl-a concentrations of the week before the event of 25–28 March 2015, Figure S2: Daily chlorophyll %
differences between: (a) 20 and 31 March 2015; (b) 19 March and 1 April 2015, Figure S3: For the episode of 25–28
March 2015: (a) maximum values of precipitation EFI during the episode; (b) weekly chlorophyll % differences
over the area of extreme rainfall as defined by EFI; (c) same as (a) for wind EFI; (d) same as (b) over the area of
extreme wind; Figure S4: (a) Chl-a concentrations of the week before the event of 22–24 March 2016; (b) chl-a %
differences between the weeks before (13–20 March 2016) and after (29 March–5 April 2016) the event for the area
of wet deposition; Figure S5: Daily chlorophyll % differences between: (a) 20 and 28 March 2016; (b) 19 and 28
March 2016; (c) 19 and 30 March 2016; (d) 20 and 30 March 2016, Figure S6: For the episode of 22–24 March 2016:
a) maximum values of precipitation EFI during the episode; (b) weekly chlorophyll % differences over the area of
extreme rainfall as defined by EFI; (c) same as (a) for wind EFI; (d) same as (b) over the area of extreme wind,
Figure S7: (a) Chl-a concentrations of the week before the event of 18–21 June 2016; (b) chl-a % differences between
the weeks before (9–16 June 2016) and after (25 June–2 July 2016) the event for the area of wet deposition, Figure
S8: Daily chlorophyll % differences between 16 and 24 June 2016, Figure S9: (a) Chl-a concentrations of the week
before the event of 6–8 September 2015; (b) chl-a % differences between the weeks before (29 August–5 September
2015) and after (14–21 September 2015) the event for the area of wet deposition, Figure S10: Daily chlorophyll %
differences between 4 and 12 September 2015, Figure S11: (a) Chl-a concentrations of the week before the event of
21–23 September 2014; (b) chl-a % differences between the weeks before (14–21 September 2014) and after (30
September–7 October 2014) the event for the area of wet deposition, Figure S12: Daily chlorophyll % differences
between 18 and 28 September 2014, Figure S13: (a) Chl-a concentrations of the week before the event of 11–13
May 2017; (b) chl-a % differences between the weeks before (1–8 May 2017) and after (17–24 May 2017) the event
for the area of wet deposition.
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