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Abstract: Multiple data sets were combined to investigate five dust storm events over East Asia
in spring 2010 and their impacts on chlorophyll in the East China Sea (ECS) and the North Pacific
Subtropical Gyre (NPSG). Satellite-observed column aerosol images were able to show the spatial
distribution of the transport of dust from the source regions to the two seas for some of the dust
storm events. The CALIPSO satellite showed the vertical structure of dust aerosol for a greater
number of dust storm events, including some weak events. This was confirmed by simulations
of dust deposition and backward trajectories traced to dust source regions. The simulated dust
deposition flux for five dust storms ranged from 13.0 to 145.6 mg·m−2·d−1 in the ECS and from
0.6 to 5.5 mg·m−2·d−1 in the NPSG, suggesting that the highest deposition was about one order of
magnitude higher than the lowest. The estimated nutrients from dust showed that dust containing
iron had the greatest effect on phytoplankton growth in both seas; the iron deposited by one dust
storm event accounted for at least 5% of growth and satisfied the increase in demand required for
chlorophyll a concentration.

Keywords: East Asian dust storm; transport; deposition; chlorophyll a concentration; iron;
satellite observation

1. Introduction

East Asian dust storms (defined here as dust storms produced in China, Mongolia, Kazakhstan
and the south of the Tibetan Plateau) have three major sources: (1) deserts in Mongolia; (2) deserts in
western China, including the Taklimakan Desert; and (3) high dust emission areas in northern China,
including the Badain Jaran Desert, the Tengger Desert and the Ulan Buh Desert [1]. The deserts in
Mongolia and northern China are also referred to as the Gobi Desert. Dust storms are classified into
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five categories according to the horizontal visibility and the intensity of the storm: super-severe dust
storms > severe dust storms > dust storms > blowing dust > floating dust [2]. The horizontal visibility
in the above five storms is <50 m, <500 m, <1 km, 1–10 km (mean wind speed >3 m·s−1), and <10 km
(no wind or mean wind speed ≤3 m·s−1), respectively. In spring 2010, satellite observations, surface
measurements of PM10 concentrations and various models were used to observe and simulate a severe
dust storm episode from 19 to 23 March [3–6]. The dust storm occurred in the west and north of China
and affected large areas from the source to the western Pacific [3–6]. A very high aerosol plume was
identified across the East China Sea (ECS) on 20–21 March 2010 by both satellite observations and
models [3,4,6]. However, the transport pathways of Asian dust events from the source regions to the
downwind marginal seas and the North Pacific Ocean are still unclear as a result of a lack of large-scale,
long-term observations.

The impacts of atmospheric deposition on the ocean have received increasing attention since the
development of the “iron hypothesis”—that is, the suggestion that iron-containing soil dust deposited
in the oceans may stimulate marine biological productivity and reduce atmospheric concentrations
of carbon dioxide [5–16]. Inputs of eolian dust containing nutrients such as iron, nitrogen and
phosphorus to the oceans can affect the ocean biogeochemistry and result in feedback effects on
both climate and dust production [10]. Both macronutrients (e.g., nitrogen and phosphorus) and
micronutrients (e.g., iron) have attracted attention because they play important roles in marine
biological productivity [13,17–19]. Cruise observations have found that biological activity can be
influenced by atmospheric deposition, especially sporadic dust storm events (e.g., Bishop et al. [20];
Shi et al. [16]).

Many studies have proposed a correlation between the deposition of dust and biological activity
and phytoplankton bloom events in the western North Pacific, the Sea of Japan (also known as the
East Sea) and the coastal seas of China [11,12,21,22]. Tan et al. [22] reported a significant positive
correlation between the chlorophyll a concentration from coastal seas to the open Pacific Ocean and the
frequency of dust storms observed in Mainland China over an 11-year period. However, there have
only been a few studies of the direct link between dust deposition and phytoplankton blooms during
dust storm events. There is a time delay for the response of phytoplankton to dust deposition because
both short-term (minutes to hours) and long-term (days to weeks) aerosol dissolution processes take
place within the ocean [23]. Both satellite observations and onboard measurements from ships have
found that dust events may have increased the concentrations of chlorophyll a in the Yellow Sea [6,16].
Wang et al. [5] demonstrated that the biogeochemistry of the northern South China Sea, a coastal sea,
responds significantly to the atmospheric input of Asian dust. Their results suggested that dust events
could double the background chlorophyll a concentration in spring.

There have been few reported studies comparing dust deposition and its impact on phytoplankton
growth in marginal seas and open oceans, especially studies comparing different seas. The transport
pathways of dust aerosols from the source regions to the sea require further study. How much dust
is deposited into the sea during each dust storm event and the differences between weak and severe
dust storm events is also unknown. The contribution of dust deposition to phytoplankton growth in
marginal seas and open oceans also needs further study. To compare the impact of dust deposition on
marginal seas and the open ocean, this study investigated phytoplankton growth after the deposition of
several dust storm events in spring 2010 in the ECS (a marginal sea) and the North Pacific Subtropical
Gyre (NPSG, open ocean). The study used a variety of datasets, including the satellite-observed column
and vertical aerosol properties, simulated dust deposition, backward trajectories and satellite-observed
ocean color data.

2. Data and Methods

In spring 2010, the Sand Dust Weather Almanac reported several dust storms, including one severe
dust storm [24]. A severe dust storm occurred from 19 to 22 March 2010 in western and northern
China. Many studies have been published on this severe dust storm event [3,4,6,25], but none on
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other dust storm events in spring 2010. We investigated five dust storms affecting the ECS and the
NPSG using satellite-based instruments. A combination of the satellite-observed aerosol properties,
backward trajectories, simulated dust deposition and ocean color data were used to track the transport
of the dust storm and to investigate the impact of dust deposition on phytoplankton growth in the
ECS and NPSG. The satellite-observed vertical structure of dust aerosol was used to identify the date
on which the dust storms passed over the seas. The satellite-observed column aerosol image could
illustrate the spatial distribution of the aerosols during dust storms and could be a consistency check
on the passage date identified by vertical structure. Backward trajectories were used for validation for
satellite results. Simulated dust deposition was used to estimate the deposition of nutrients into the
seas and could also validate satellite results. The satellite-observed ocean color data were needed to
investigate the link between dust deposition and phytoplankton growth.

2.1. Vertical Profile and Column Properties of Satellite-Observed Aerosols

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument onboard the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite has vertically
resolved Level 2, Version 3 aerosol profiles products [26]. The aerosol extinction coefficient at 532 nm
and the type of aerosol were used to identify the transport of dust. These properties are crucial in
understanding the vertical distribution of dust particles and distinguishing dust from other aerosols.
These data have a 5 km horizontal resolution. The vertical resolution for the aerosol types was
30 m below 8.2 km, 60 m between 8.2 and 20.2 km and 180 m above 20.2 km; the vertical resolution
for the extinction coefficient below 8.2 km was 60 m. It was identified that the pure dust CALIOP
classifications may be polluted dust due to different particle depolarization ratios [27,28]. The low
dust Lidar ratio (LR) of 40 sr used in CALIOP algorithm could produce an underestimation of 532 nm
extinction coefficient by 25%–35% over the Sahara and Europe, where the measured mean LR was
around 51–58 sr [27,28], but 40 sr LR applied well over the Middle East [27]. Reported LR at 532 nm
for Asian dust was 43 sr [29] or 51 sr (range 42–55 sr) [30], which suggested CALIOP extinction may be
appropriate or underestimated for Asian dust. Uno et al. [31] indicated that CALIOP dust extinction
showed a good agreement with model simulations near the Asian dust source regions.

The spatial distribution of the aerosols during dust storm events was investigated by the UV
aerosol index product from the Ozone Monitoring Instrument onboard the Aura satellite and the
aerosol optical depth (AOD) product from the Moderate Resolution Imaging Spectroradiometer
(MODIS) onboard the Aqua satellite. Aerosol index was used to detect the UV-absorbing aerosols,
such as dust and carbonaceous aerosols. Aerosols that absorb in the UV are the most important source
of positive aerosol index values [32]. Aerosol index > 0.7 or 1.0 was used to identify all major global
dust sources [33]. Both datasets provide useful information on the daily spatial distribution of dust
clouds [6,25,33] and have a spatial resolution of 1◦ × 1◦. The daily AOD at 550 nm data were from the
Collection 006 MYD08_D3 product.

2.2. Backward Trajectory Model and Meteorological Data

The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) backward trajectory
model [34] was performed to identify the source region and corresponding transport path of the
dust storm affecting the ECS and the NPSG. Meteorological data were from the National Centers
for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) global
reanalysis dataset. The data were on a latitude–longitude grid with a resolution of 2.5◦ × 2.5◦.
The internal scaling height of HYSPLIT was 25 km. An air parcel at the altitude where the dust aerosols
were located was traced backward and the dust layer was identified from the CALIOP vertical profiles
over the research seas.
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2.3. Dust Transport Model

Simulated dust deposition data (including dry and wet deposition) were used to estimate the
direct link between the dust storm and phytoplankton growth. The Regional Air Quality Model System
(RAQMS) numerical model driven by the fifth-generation Penn State/NCAR Mesoscale Model [35]
was used to simulate the key processes of the major chemical components in the atmosphere, including
emission, advection, diffusion, dry and wet deposition, aqueous and heterogeneous chemistry and
cloud formation [3,36–38]. Soil dust aerosols were represented by a sized-segregated dust module
and were divided into ten size bins ranging from 0.43 to 42 µm. The model domain covered 75.5◦ E
to 160.5◦ W and 10.5◦–50.5◦ N with a spatial resolution of 0.5◦ × 0.5◦, including dust source regions
in East Asia and the ECS and NPSG. Comparisons with the in situ PM10 concentration observed in
China, the extinction coefficient of dust measured by Lidar in Japan and the aerosol index retrieved by
satellite have previously indicated [3] that the model can accurately predict the outbreak, development,
transport and depletion processes of dust storms over China and downwind regions. The details of
this model have been described by Han [36] and Li et al. [3].

The dust storms related to this study occurred from March to May in 2010. Li et al. [3] only
validated modeled PM10 concentration in March 2010, thus we included the comparison of April and
May. Four cities near dust storm source regions (Hohhot, Urumqi, Lanzhou, and Xi’an) and one coastal
city of the ECS (Shanghai) were chosen for comparison (Table 1). Significant (p < 0.05) correlations
between modeled and observed PM10 concentration (R = 0.49–0.85) suggested that the RAQMS model
not only performed well in March [3] but also in the whole spring.

Table 1. Comparison between modeled and observed PM10 concentrations.

Site Observed PM10
Concentration (µg·m−3)

Modeled PM10
Concentration (µg·m−3) Correlation Coefficient (R)

Hohhot 102.7 152.8 0.85
Urumqi 127.0 41.7 0.57
Lanzhou 168.3 185.0 0.49

Xi’an 138.1 174.4 0.57
Shanghai 108.9 59.5 0.79

2.4. Satellite-Observed Ocean Color and Climatological Ocean Nutrients

The chlorophyll a concentrations recorded by satellite remote sensing data were used to investigate
phytoplankton growth and bloom events in the ECS and NPSG. Sea surface temperature (SST) and
photosynthetic available radiation (PAR) data were applied to check the temperature and light levels
required for phytoplankton growth. The chlorophyll a concentration was taken as the mean of the
SeaWiFS and Aqua MODIS product to reduce the missing regions in each dataset. The SST and PAR
were Aqua MODIS products. All these data were Level 3 Standard Mapped Image products with a
9 km × 9 km spatial resolution and were obtained from the Ocean Color website supported by the
Ocean Biology Processing Group at NASA’s Goddard Space Flight Center.

The initiation, growth and decay of phytoplankton blooms can be estimated from the chlorophyll
a concentration recorded by satellite data after the removal of outliers. Coastal seas with a depth <70 m
in the ECS and <1000 m in the NPSG were excluded to minimize the influence from rivers and inland
sources of nutrients. Following the method of Calil et al. [15], outliers with images <100 pixels after
the removal of values less than the springtime climatological mean in the ECS (0.5 mg·m−3) or the
background value in the NPSG (0.08 mg·m−3) were also excluded.

The nutrients data from the World Ocean Atlas (WOA) (2009) were applied to analyze the
nutrient structure in the ECS and NPSG. The WOA is a data product of the Ocean Climate
Laboratory of the National Oceanographic Data Center. Bathymetry and global relief data from
the National Oceanographic Data Center were used to exclude the coastal regions to reduce the effect
of terrestrial processes.
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3. Environmental Background in the ECS and NPSG

The ECS was selected in the region (123◦–129◦E, 25◦–32◦N) (Figure 1). The Yangtze River runoff
and the southward flow of the Min-Zhe coastal current result in high nutrient concentrations on the
inner shelf of the ECS [39–41]. Gong et al. [39] showed that the northwestern part of the shelf in the
ECS has a nutrient-enriched regime. This region has a depth <70 m and therefore the coastal seas with
depths <70 m were excluded to minimize the influence of the river and inland areas on the ECS. In the
outer shelf of the ECS, the Kuroshio water mass flows northeastward along the continental shelf margin
within isobaths of around 200–1000 m and then turns to the east at about 30◦ N. It then flows eastward
into the Pacific Ocean through the Tokara Straits. The Kuroshio water mass is characterized by high
temperatures (>20.55 ◦C), high salinity (>34.5 psu) and low concentrations of particles and dissolved
nutrients [40,41]. In the northwestern part of the research area, the mixed warm water of the Taiwan
Warm Current is characterized by a sub-maximum salinity and sub-maximum temperature [40]. The
WOA (2009) data showed that the annual mean concentrations of nitrate (Figure 1a) and phosphate
(Figure 1b) at the surface in the ECS were 0.74 and 0.13 µmol·L−1, respectively. Cruise measurements
indicated that the chlorophyll a concentration in the outer shelf of the ECS showed a seasonal variation,
with the highest value in spring and the lowest value in summer [39]. The SeaWiFS (Figure 1a)
and MODIS (Figure 1b) climatological annual chlorophyll a concentrations in the research area were
0.32 and 0.30 mg·m−3, respectively. Compared with the Sea of Japan [22] and the northern Arabian
Sea (monthly mean chlorophyll a concentration >1.0 mg·m−3) [42], this area can be considered as
a middle-level nutrient region. Based on the Redfield ratio (C:N:P 106:16:1), the ecosystem may
be limited by phosphate in the northwestern region close to the Yangtze River and by nitrogen in
other regions [43,44]. Atmospheric depositions are an external source of material to the oceans and
have an important role in determining the biogeochemistry of nutrient species (including nitrogen
and phosphorus) in the ECS [45]. Bioavailable micronutrients, such as iron from mineral dust, are
also important.
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Figure 1. (a,b) Satellite-derived climatological annual chlorophyll a concentration from SeaWiFS
(1997–2010) and MODIS (2002–2010) data, respectively. The contours labels are the annual mean surface
concentrations of nitrate (a) and phosphate (b) from the World Ocean Atlas (2009). The rectangles
labeled ECS (123◦–129◦E and 25◦–32◦N) and NPSG (160◦E to 160◦W and 13◦–29◦N) represent the two
study regions.

The NPSG is characterized as a typical low nutrient–low chlorophyll region [46]. The NPSG
is induced by the strong vertical stratification generated by wind-driven anticyclonic circulation in
the upper 50 m of the ocean, which insulates the upper nutrient-limited layer from the nutrient-rich
deeper waters and restricts exchange with adjacent current systems [15,46]. The climatological annual
mean surface concentrations of nitrate, phosphate and chlorophyll a concentration for the region
(160◦E to 160◦W, 13◦–29◦N) (Figure 1a,b) were 0.14 µmol·L−1, 0.13 µmol·L−1 and 0.051 (SeaWiFS) or
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0.047 (MODIS) mg·m−3, respectively. In the eastern portion of the NPSG (east of 160◦ W), blooms
were defined as regions with chlorophyll >0.15 mg·m−3 (a high value for the oligotrophic ocean)
in July–October; the ambient background level of chlorophyll was about 0.08 mg·m−3 [15,47,48].
No bloom had been reported from further west than about 160◦ W before 2008 [49]. The climatological
annual mean chlorophyll a concentration in the western portion of the NPSG was lower than in the
eastern portion of the NPSG (Figure 1a,b). Calil et al. [15] reported the occurrence of a bloom in
the western portion of the NPSG, where phosphorus and iron co-limit phytoplankton growth, using
the MODIS 8-day product of chlorophyll a concentration. In this study, a longer bloom period was
found in the NPSG region (160◦E–160◦W, 13◦–29◦N (Figure 1) using the daily SeaWiFS and MODIS
chlorophyll a concentration products.

4. Results and Discussion

4.1. Satellite Observations of the Long-Range Transport of Dust to the ECS and the NPSG in Spring 2010

Five dust storms that passed over the ECS and the NPSG were identified by satellite instruments.
The CALIOP aerosol type vertical profile data identified the date on which the dust storms passed over
the seas. The spatial distribution of dust transport from the source regions to the seas were identified
by the MODIS AOD and Ozone Monitoring Instrument aerosol index.

The five dust storms were labeled as dust storms (a)–(e). Based on CALIOP observations,
dust storm (a) passed over the ECS from 16 to 19 March 2010 and the NPSG from 15 to 19 March 2010.
The source could be the dust storm that occurred from 11 to 12 March 2010 and two blowing dust
storms (see Table 2), one which occurred from 12–15 March 2010 in western and northern China
and another which occurred from 16–17 March 2010 in mainly northern China [24]. This was then
confirmed by the trajectories traced back to Asian dust source regions, which is described in Section 4.2
and the dust deposition flux described in Section 4.4. Dust storm (b) passed over the ECS from 20 to
23 March 2010 and the NPSG from 24 to 28 March 2010; the source could be the severe dust storm that
occurred in East Asia from 19 to 22 March 2010, which has been the subject of several studies [4–6], and
the dust storm from 21 to 23 March 2010. Dust storm (c) affected the ECS on 9–10 and 16–17 April 2010
and the NPSG on 13–18 April 2010; the source could be three blowing dust storms that occurred in
western and northern China on 8, 9 and 11–12 April 2010. Dust storm (d) affected the ECS and the
NPSG on some days from 26 April to 3 May 2010; the source could be the dust storm of 24–28 April 2010
recorded in the Sand Dust Weather Almanac [24]. The dust storm that occurred on 24 April 2010 in the
Hexi Corridor (northern China) was called the “black storm” because the instantaneous maximum
wind speed was >25 m·s−1 and the horizontal visibility was 0 m [50]. Dust storm (e) affected the ECS
on 11–12 May 2010 and the NPSG on 8–11 May 2010; the source could be two blowing dust storms
(3–4 and 8 May 2010) recorded in the Sand Dust Weather Almanac in 2010 [24].
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Table 2. Five dust storm events over the source regions and mean extinction coefficient at 532 nm (Ext) for the whole atmospheric layer and the corresponding altitude
over the source region and the two study sea regions.

Dust Storm [24]

Source Region East China Sea North Pacific Subtropical Gyre

CALIPSO Track
Mean Ext
(km−1)

Altitude
(km) CALIPSO Track

Mean Ext
(km−1)

Altitude
(km) CALIPSO Track

Mean Ext
(km−1)

Altitude
(km)

(a) 11–12 March, dust storm 12–15 and
16–17 March, blowing dust storm 2010-03-16T06-02-21ZD 0.37 0.93 2010-03-17T17-31-31ZN 0.20 0.72 2010-03-19T14-01-40ZN 0.02 3.09

(b) 19–22 March, severe dust storm
21–23 March, dust storm 2010-03-20T07-16-57ZD 0.96 0.79 2010-03-21T04-42-35ZD 0.15 1.09 2010-03-26T14-08-37ZN 0.01 5.74

(c) 8, 9 and 11–12 April, blowing dust
2010-04-07T19-31-16ZN 0.05 3.18 2010-04-09T17-40-12ZN 0.02 4.42 2010-04-14T13-02-32ZN 0.02 4.13

2010-04-11T06-42-12ZD 0.36 0.86 2010-04-16T17-46-59ZN 0.03 3.11 2010-04-18T14-17-00ZN 0.02 2.59

(d) 24–28 April, dust storm 2010-04-25T06-55-47ZD 0.53 0.92 2010-04-27T17-29-19ZN 0.18 1.32 2010-05-01T13-47-11ZN 0.02 2.54

(e) 3–4 and 8 May, blowing dust
2010-05-03T07-45-52ZD 0.33 0.49 2010-05-11T17-42-48ZN 0.06 2.16 2010-05-09T14-37-17ZN 0.02 2.69

2010-05-08T18-50-35ZN 0.16 0.87 2010-05-12T04-22-39ZD 0.14 3.42 2010-05-11T02-00-26ZD 0.06 0.79

Mean 0.39 1.15 Mean 0.11 2.32 Mean 0.02 3.08
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Figure 2 shows the transport of the five dust storms from the source regions to the ECS and the
NPSG as observed by the CALIOP instrument onboard the CALIPSO satellite. Figure 2A shows the
CALIPSO satellite tracks over the source regions, the ECS, and the NPSG. The corresponding vertical
cross-sections of aerosol types are shown in Figure 2B, with the bright yellow color representing the
dust aerosols. The averaged profiles of the extinction coefficient at 532 nm for the dust aerosols are
shown in Figure 2C. The extinction coefficient over the dust source regions (black or gray tracks in
Figure 2A) was averaged between 35◦ and 50◦ N, which is the main source region for dust in East Asia.
The averaged extinction coefficient over the ECS (blue tracks in Figure 2A) was calculated between
25◦ and 32◦N and that over the NPSG (red tracks in Figure 2A) was calculated between 13◦ and 29◦N.
The altitude shown in Figure 2 is the altitude above ground level (AGL). The CALIOP data showed
that dust floated from near the ground to as high as 13 km AGL in the upper free troposphere, which
was consistent with previous Lidar measurements at Dunhuang, China and from Japan [51–53].
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Figure 2. (A) CALIPSO orbit tracks. Each track shown in different colors is labeled a1, a2, etc., and the
date of each track is also shown. (B) Altitude-orbit cross-section of aerosol types for each satellite track
in part (A); the bright yellow color represents dust aerosols. (C) Vertical profiles of averaged extinction
coefficient at 532 nm (km−1) for dust aerosols. The colors of the profiles correspond to those in part (A).
The altitude in parts (B) and (C) is above ground level.



Atmosphere 2016, 7, 152 9 of 21

The averaged profiles showed that the extinction coefficient decreased with increasing altitude
and decreased more rapidly in the source region. The dust storm layer at high altitude (>6 km) over
the downwind sea sometimes had a similar extinction coefficient to that in the lower layer (<4 km).
The mean extinction coefficient for the whole layer (0–15 km AGL) may be used to represent the
mean intensity of the dust aerosol extinction coefficient and the corresponding altitude may be used
to represent the mean altitude (Table 2). It is noted that a different approach was applied in case
of the dispersion of volcanic aerosol layers [54]. Figure 2C shows that the dust aerosol extinction
coefficient over the source region had the highest value in the layer <4 km, followed by the extinction
coefficient over the ECS; the dust aerosol extinction coefficient over the NPSG had the smallest
value. The mean extinction coefficient for the whole layer over the source regions varied from 0.05
to 0.96 km−1 with a mean value of 0.39 km−1 (Table 2). The maximum mean extinction coefficient
was 0.96 km−1 for orbit track 2010-03-20T07-16-57ZD and next highest value was 0.53 km−1 for orbit
track 2010-04-25T06-55-47ZD, which is consistent with the severe dust storm from 19 to 22 March 2010
and the dust storm from 24 to 28 April 2010. The mean extinction coefficient for the whole layer over
the ECS varied from 0.02 to 0.20 km−1 with a mean value of 0.11 km−1. When dust was transported
to the NPSG over a long range, the mean extinction coefficient varied from 0.01 to 0.06 km−1 with a
mean of 0.02 km−1. The extinction coefficient over the source region was more than three times that
over the ECS and more than one magnitude higher than that over the NPSG. The altitude at which the
mean extinction coefficient was located over the source region varied from 490 to 3200 m AGL; the
altitude over the ECS was around 720–4500 m AGL and that over the NPSG was around 790–6000 m
AGL. On average, the altitude of the mean extinction coefficient was 1.2 km AGL over the source
region, 2.3 km AGL over the ECS and 3.1 km AGL over the NPSG. These values are consistent with
climatological simulations—that is, the transport of East Asian dust from the desert regions to the
offshore regions near the western Pacific occurred below 3 km, whereas trans-Pacific dust transport
was between 3 and 10 km [55].

The column aerosol properties, including the aerosol index and AOD (Figure 3), were also
measured for the dust storms passing over the ECS and the NPSG. The daily average aerosol index
and the AOD over the two sea regions showed that the aerosol index and AOD increased on the dust
days and were relatively low before and after the passage of dust (Figure 3a–d). The aerosol index and
AOD over the ECS on some days in the periods 17–23 March, 10 April and 27 April–2 May 2010 were
>1.4 and >0.9, respectively (Figure 3a,b), although they were <1.4 and <0.9 on other days, respectively
(Figure 3a,b). The NPSG, aerosol index and AOD were high on the dust passage days, particularly
from 24 to 28 March and 13 to 18 April 2010 (Figure 3c,d). Dust particles are one of the most important
components of the coarse aerosol mode and therefore the coarse mode AOD over the ECS and the
NPSG is also shown in Figure 3b,d, respectively. Sea salt is another source of the coarse aerosol mode.
The coarse mode AOD was higher during the dust days than on normal days, which further indicated
that dust influenced the two sea regions on these days. Although the CALIOP instrument observed
that the dust aerosol passed over the ECS and the NPSG from 8 to 12 May 2010 (Figure 2), the dust
days could not be clearly distinguished from other days using the average aerosol index and the
AOD, suggesting that the CALIOP instrument was able to observe more dust storm events over the
downwind seas than the average aerosol index and the AOD.
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Figure 3. (a,b) Daily aerosol index, aerosol optical depth (AOD) and coarse mode AOD over the East
China Sea from 1 March to 31 August 2010; (c,d) daily aerosol index, AOD and coarse mode AOD over
the North Pacific Subtropical Gyre; and (e,f) spatial distribution of aerosol index and AOD averaged
during dust days. Black arrows represent mean NCEP/NCAR wind velocities during the period.
Labels A and B in (e,f) show the Taklimakan Desert and the Gobi Desert, respectively. Label H shows
high pressure center. The small rectangle shows the East China Sea (123◦–129◦E and 25◦–32◦N) and
the big one shows the North Pacific Subtropical Gyre (160◦E to 160◦W and 13◦–29◦N).
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The transport of dust aerosols was closely correlated with the wind speed and direction.
The spatial distribution of the aerosol index and the AOD during the five dust storms indicated
that dust aerosols could be transported from the source regions to the ECS by surface northwesterly
winds (Figure 3e) and by westerly winds at 700 hPa (Figure 3f). When dust was transported to the
North Pacific, westerly winds and an anticyclonic circulation between 20◦ and 40◦N (Figure 3e,f)
transported the dust aerosols further south below 29◦N. These dust storms from 11 to 19 March and
24 April to 3 May were transported to the northern North Pacific because the westerly winds were
in a more northerly location than for the dust storms from 19 to 28 March, 8 to 18 April and 3 to
12 May 2010 (Figure 3f). The stronger westerly winds at 700 hPa (Figure 3f) transported a broader
dust aerosol plume across the North Pacific from 19 to 28 March and 8 to 18 April 2010 than from 3 to
12 May 2010.

4.2. Desert Source of Dust Storms Affecting the ECS and the NPSG

Figure 4 shows the backward trajectories from the altitudes where the dust aerosols were
located as observed by the CALIOP instrument (see Figure 2B). The dust aerosols for tracks a2
(2010-03-17T17-31-31ZN) and a3 (2010-03-19T17-19-25ZN) over the ECS during dust storm (a) were
traced back to the Gobi Desert on 15 March 2010 and 17 March 2010, respectively. The altitude of the
dust over the ECS was <4 km. For dust storm (b), the dust particles at low altitude (<3 km) over the
ECS and the NPSG were traced back to the Gobi Desert on 19 March and 20 March 2010, respectively.
Dust particles observed at higher altitudes (>7 km) were traced back to the Taklimakan Desert on
23 March 2010. This is consistent with previous Lidar observations and model simulations—that is, the
Asian dust consisted of a multiple dust layer with the upper dust layer coming from the Taklimakan
Desert and the lower dust layer from the Gobi Desert [52,53,56,57]. In a similar manner, the dust
arriving at the ECS and the NPSG during dust storm events (c)–(e) could be traced back to deserts
in western China (including the Taklimakan Desert and the deserts in Qinghai Province) or the Gobi
region. The transport pathway to the NPSG, particularly in dust storms (a) and (c) (Figure 4), showed
an anticyclonic circulation between 20◦ and 40◦ N over the North Pacific consistent with the wind
directions (Figure 3e,f).

Six CALIOP profiles over the ECS (Figure 4) could be traced back to the Gobi Desert, suggesting
that the Gobi Desert was the main desert source affecting the ECS. Source areas in western China and
south of the Tibetan Plateau (dust storm c in Figure 4) also influenced the ECS. Five CALIOP profiles
over the NPSG were traced back to deserts in western China and six CALIOP profiles were traced back
to the Gobi Desert, suggesting that these two East Asian dust source regions were the main sources of
dust affecting the NPSG. It was noted that this dust could mix with anthropogenic pollutants during
transport before reaching the downwind sea regions [4].

4.3. Spring Bloom in the ECS and Summer Bloom in the NPSG

The original time series of chlorophyll a concentration were analyzed to define the time of
initiation of the biomass bloom. Figure 5 shows the daily mean chlorophyll a concentration and the
areas in which it was higher than climatological or background level before, during and after the bloom
in the ECS and the NPSG. The chlorophyll a concentration showed an initial increase in the chlorophyll
a concentration to a peak, followed by a decrease over the whole period of bloom. Figures 6 and 7
show daily images and the several-day average of chlorophyll a concentrations before, during and
after the phytoplankton bloom in the ECS and the NPSG, respectively.
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Figure 4. Backward trajectories from the altitudes showing the locations of the dust aerosol observed
by the CALIOP instrument; the range of altitudes is also shown. The colors of the tracks are the same
as in Figure 2A. ECS: East China Sea; NPSG: North Pacific Subtropical Gyre.

Figure 5. (a) Daily chlorophyll a concentration ((Chl), mg·m−3) and area of (Chl) higher than the spring
climatological mean in the East China Sea. The three peaks of (Chl) are shown as peaks (1), (2), and (3).
(b) Daily (Chl) and area of (Chl) higher than the background value in the North Pacific Subtropical
Gyre. Green triangles show the start and end date of the bloom. The eight-day averaged sea surface
temperature (SST) and photosynthetic available radiation (PAR) are also shown.
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Several criteria have been used to define the timing of the initiation of the biomass bloom [12,58,59]:
5% above the yearly median of the chlorophyll a concentration (method 1) and twice the value of the
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wintertime chlorophyll a concentration (method 2). Different criteria may be suitable for different sea
regions—for example, method 2 had been successfully used in the Sea of Japan [12] and the Yellow
Sea [58]. In this study, the timing of the initiation and end of the spring bloom in the ECS was defined
by method 2 (see Figures 5a and 6). The timing of the initiation of the spring bloom defined by methods
2 (0.8 mg·m−3) was on 16 March; it seems suitable since the day was within non-bloom day (12 March)
and high concentration day (21 March) (Figure 5a). When method 1 (0.4 mg·m−3) was used in the
ECS, the values were too low and every day of spring 2010 was identified as a bloom event. In the
NPSG, method 1 (0.049 mg·m−3) was suitable for defining the initiation of the summer 2010 bloom
(see Figures 5b and 7). The timing of the end of the bloom was defined as the day on which the
chlorophyll a concentration decreased to the same value as on the initiation date. The concentration
defined by method 2 (0.12 mg·m−3) was too high and no bloom was detected. Once the initiation and
end of the bloom had been determined, the duration of the spring bloom in the ECS and the summer
bloom in the NPSG were identified (Figure 5).

The 2010 spring bloom in the ECS started on about 16 March and ended on about 8 June and
chlorophyll a concentration had three peaks during this period (Figure 5a). The phytoplankton grew
to a peak and then declined; this growth process was then repeated twice more. During the three
growth processes, the original chlorophyll a concentration time series showed high values on 28 March
(1.24 mg·m−3), 29 April (3.10 mg·m−3) and 2 June (1.72 mg·m−3). The first peak was comparable
with the third peak and the second peak was the highest. The daily images clearly show the three
growth and decay periods (Figure 6). The chlorophyll a concentration before the first growth period
was lower than the springtime climatological mean of 0.5 mg·m−3 except in the northwestern region.
The chlorophyll a concentration increased gradually and reached the highest value in the center
of the research region on 28 and 29 March 2010, before decaying from 30 March to 15 April 2010.
The chlorophyll a concentration then began to increase again from 16 to 26 April and reached the
highest values in the center and north of the research region on 29 April before decreasing again from
30 April to 24 May 2010. The satellite data for the chlorophyll a concentration in the bloom region from
17 to 24 May 2010 were almost absent; only several pixels were >1 mg·m−3 in the bloom region, thus
bloom should still exist during 17–24 May. The third growth process began on 25 May 2010, peaked
on 2 June 2010, and then decayed from 3 to 8 June 2010. After the spring bloom, the chlorophyll a
concentration decreased to <0.5 mg·m−3.

The chlorophyll a concentration in the NPSG increased to a peak followed by a decrease in
summer 2010 (Figure 5b). The bloom started from 26 May 2010 based on the 5% criterion and
the chlorophyll a concentration was 0.048 mg·m−3 on that day. The initiation date was similar to
that derived from the eight-day chlorophyll a concentration, i.e., 17 May (actually the 8-day from
17 to 24 May) [15]. The phytoplankton growth reached a peak one month later. The period with
high chlorophyll a concentrations lasted from 15 to 25 June 2010. The four highest chlorophyll a
concentrations appeared on 18 June (0.103 mg·m−3), 23 June (0.099 mg·m−3), 15 June (0.097 mg·m−3)
and 25 June (0.097 mg·m−3). After the peak, the chlorophyll a concentration decreased day by day and
the bloom began to fade on 8 August 2010 (0.049 mg·m−3). The bloom area, represented by the area
with chlorophyll a concentrations higher than the background value of 0.08 mg·m−3, increased from
0.75 × 105 km2 on 26 May to a peak of 8.08 × 105 km2 on 23 June and then decreased to 0.74 × 105 km2

on 8 August 2010. The peak area was consistent with the 8 × 105 km2 area reported by Calil et al. [15].
The spatial distribution of the chlorophyll a concentration (Figure 7) showed that the average

chlorophyll a concentration was lower than the background value both before and after the bloom.
During the period of high chlorophyll a concentration, the concentration was >0.4 mg·m−3, a high
value for oligotrophic oceans. The bloom started from the southwest of the research region (around
175◦–180◦E, 16◦–21◦N) and spread over almost the whole region before fading in the northeast of the
region (Figure 7). Calil et al. [15] suggested that a possible reason for the eastward displacement of the
bloom was seasonal buoyancy forcing and transport by the Hawaiian Lee Counter Current, although
the second hypothesis was argued against by float experiments. The 2010 bloom lasted about 75 days,
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which is reasonable compared with the duration of the bloom east of 160◦ W, which commonly lasts
four to six weeks and sometimes up to four months [47,48].

The chlorophyll a concentration increased with increases in the SST and the PAR (Figure 5),
suggesting that particular SSTs and light levels are required by phytoplankton. Phytoplankton also
require basic nutrients such as nitrogen, phosphorus and iron. The nutrients may be delivered from
subsurface waters via upwelling [15] or by atmospheric deposition.

4.4. Simulated Dust Deposition, Estimations of Nutrients and Their Contribution to Biological Productivity

Figure 8 shows an example of the total dust deposition in the ECS and the NPSG simulated
by the RAQMS model for one dust storm event together with the maximum flux. Based on the
RAQMS model, the dust deposition flux in the ECS for the five dust storms ranged from 13.0 to
145.6 mg·m−2·d−1. The mean amount of deposition and the deposition flux for the five dust storms
were about 284.3 mg·m−2 and 64.7 mg·m−2·d−1 (40.0 and 24.7 mg·m−2·d−1 for dry and wet deposition,
respectively). The dry deposition flux was slightly lower than the mean value of 50 mg·m−2·d−1

derived from the aerosol samples between 21 and 29 March 2010 in northern Taiwan [60]. The mean
dry deposition, including both severe and weak dust storm events, appears to be reasonable because
the dust storm from 21 to 29 March 2010 was a severe event. The simulated total dust deposition in
the NPSG for five dust storms varied from 2.2 to 33.1 mg·m−2 with a mean value of 14.8 mg·m−2 and
the corresponding flux was about 0.6–5.5 mg·m−2·d−1 with a mean value of 2.8 mg·m−2·d−1. This
was of the same magnitude as the mean deposition (20 mg·m−2) simulated by the SPRINTAS model
over a similar region (160◦E to 160◦W, 15◦–30◦N) for two dust events from 14 to 16 April and 1 to
4 May 2010 [15].
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The deposition of dust during the bloom period supplied nutrients in the form of iron, nitrogen
and phosphorus to support phytoplankton growth. The impact of these dust events on the biomass
of phytoplankton was estimated by quantifying the solubility of the iron and phosphorus derived
from the dust and assuming that all the soluble iron and phosphorus was bioavailable; this is the
most common approach to examining the delivery of aerosol iron to phytoplankton [23]. A series
of conversion ratios from previous studies was used to estimate the effects of dust on the biomass
of phytoplankton. The average iron content of soil dust (3.5% by weight) [10] and the phosphorus
(0.053%) and total inorganic nitrogen (1%) content of dust particles measured from a dust event in
spring 2007 over the Yellow Sea [19] were used. The solubility of iron is highly variable and the value
used in biogeochemical modeling studies has varied from 1% to 12% [23]. The solubility of iron derived
from ship-based measurements in the marginal seas of China ranged from 1% to 2.6%, with a mean
value of 1.65% for dust particles in spring 2007 over the Yellow Sea [19]. Some studies have reported
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that the solubility of iron in the remote ocean is higher than that in Mainland China [61] and this has
been confirmed by model simulations [4]. The 5% solubility value reported by Li et al. [4] close to the
west of the NPSG was used for the NPSG. The solubility of phosphorus (30%) has been estimated from
dust aerosol samples [62] and was comparable with the value of 32% measured in marine aerosols
over the Atlantic Ocean [63]. The median value of the measured iron to carbon ratio of 38 µmol Fe:mol
C [64], a carbon to chlorophyll (Chl) ratio of 50 g C:g Chl [65] and a Redfield ratio of C:N:P of 106:16:1
were used. The median value (22 m) of the mixed layer depth of the ocean measured in the ECS in
spring [66] and a typical summertime mixed layer depth (40 m) at Station ALOHA in the NPSG [15]
were used and the biomass was assumed to be spread homogeneously within the mixed layer.

Using these parameters, the estimated amount of soluble iron supported by the mean dust
deposition flux (64.7 mg·m−2·d−1) over the ECS was calculated to be 37.5 µg·m−2·d−1 (Table 3), which
was comparable with the mean value of 39 µg·m−2·d−1 obtained by Hsu et al. [62] in the northeasterly
monsoon periods. Soluble phosphorus (10.3 µg·m−2·d−1) was more than three times higher than the
mean value of 3.3 µg·m−2·d−1 derived by Hsu et al. [62] from dry deposition in the northeasterly
monsoon period. The amount of soluble phosphorus of 10.3 µg·m−2·d−1 corresponds to 0.95 mg·m−2

in spring 2010, which accounts for 63% of the yearly dry deposition of dissolved inorganic phosphorus
from dust storm samples (1.5 mg·m−2) obtained by Chen and Chen [67]. The total estimated deposition
of total inorganic nitrogen supported by a mean dust deposition flux of 64.7 mg·m−2·d−1was
0.6 mg·m−2·d−1, which was comparable with the mean value of 0.69 mg·m−2·d−1 previously derived
from dry deposition over the ECS [62]. These comparisons show that our simulations are reasonable.

Table 3. Range of estimated nutrient concentrations from the simulated total dust deposition and their
percentage contribution to the average increase in chlorophyll a concentration ((Chl), mg·m−3) during
the bloom period or new springtime production (mg C m−2·d−1) in the East China Sea and in the
North Pacific Subtropical Gyre. The values in parentheses were calculated from the mean total dust
deposition flux.

Sea Regions East China Sea North Pacific Subtropical Gyre

Parameter Nutrient
Concentration (Chl) (%) New

Production (%)
Nutrient

Concentration (Chl) (%)

Soluble iron (µg·m−2·d−1) 7.5–84.3 (37.5) 5–115 (56) 20–227 (101) 1.1–9.6 (5.0) 19–291 (132)

Total inorganic nitrogen
(mg·m−2·d−1) 0.1–1.5 (0.6) 0.1–2.0 (1.0) 0.4–4.0 (1.8) 0.006–0.06 (0.03) 0.1–1.7 (0.8)

Soluble phosphorus
(µg·m−2·d−1) 2.1–23.2 (10.3) 0.01–0.2 (0.1) 0.04–0.5 (0.2) 0.1–0.9 (0.5) 0.01–0.2 (0.1)

The amounts of bioavailable nutrients supplied by the weakest and most severe dust storm events
were then calculated (Table 3) and their role in supporting the 2010 bloom in the two sea regions
considered. The mean increase in the chlorophyll a concentration over the ECS for three growth
periods in spring 2010 was about 1.5 mg·m−3 and the estimated amount of new production in spring
was 209 mg C m−2·d−1[66]. The amount of new production supported by iron deposition from the five
dust storm events in the ECS varied from 42.34 to 474.16 mg C m−2·d−1 (mean 210.70 mg C m−2·d−1),
which represents 20%–227% (mean 101%) of the new springtime production. Iron deposition in
the ECS could produce 0.08–1.72 mg·m−3 of chlorophyll a (mean 0.84), accounting for 5%–115%
(mean 56%) of the mean increase in chlorophyll a concentration in spring 2010. The total inorganic
nitrogen deposition from five dust storm events may have supported 0.74–8.27 mg C m−2·d−1 of new
production (0.4%–4.0% of the new springtime production). The contribution ratio of new production
produced by total inorganic nitrogen deposition from one dust storm event is reasonable compared
with the 1.1%–3.9% from the simulated atmospheric deposition of the total annual nitrogen [45].
The deposition of soluble phosphorus can support 0.08–0.95 mg C m−2·d−1 of new production,
accounting for 0.04%–0.5% of the new springtime production. The contribution ratio of total inorganic
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nitrogen and soluble phosphorus supported by the five dust storms to the mean increase in chlorophyll
a concentration varied from 0.1% to 2.0% and 0.01% to 0.2%, respectively, which is similar to the
contribution ratio for the new springtime production. As a result, the atmospheric deposition of iron
is seen to be the most important factor in phytoplankton growth in the ECS; nitrogen also plays an
important part, whereas phosphorus has less impact. Previous studies have indicated that atmospheric
phosphorus may not be a vital source of inorganic phosphorus in the ECS [62,67].

During the 2010 summer phytoplankton bloom in the NPSG, the maximum chlorophyll a
concentration increased by 0.056 mg·m−3 relative to that before bloom. The soluble iron, soluble
phosphorus and total inorganic nitrogen from dust deposition into the NPSG of 2.2–33.1 mg·m−2

(mean 14.8 mg·m−2) may have contributed 19%–291% (mean 130%), 0.01%–0.2% (mean 0.1%) and
0.1%–1.7% (mean 0.8%), respectively, of the increase in the chlorophyll a concentration in summer 2010
(Table 3). This suggests that the bloom in the NPSG could be largely supported by the iron deposited
from one dust storm episode, followed by nitrogen and then phosphorus deposition. Calil et al. [15]
showed that phosphate could have been supplied by episodic upwelling induced by frontogenetically
generated vertical velocities.

5. Conclusions

The transport, deposition and impacts of five dust storm events on the ECS (a marginal sea) and
the NPSG (a typical low nutrient–low chlorophyll open ocean) were compared using a variety of data,
including the column AOD and aerosol index measured by satellite, the vertical distribution of aerosol
types and the extinction coefficient measured by satellite, satellite ocean color data, simulated dust
deposition and backward trajectories. Several similarities and differences were observed between the
two seas.

The source region, extinction coefficient and transport altitude of dust aerosols were different
between the two seas. Based on a limited number of cases, the East Asian dust affecting the ECS mainly
came from the Gobi Desert and secondly came from deserts in western China. The deserts in western
China and the Gobi region were the main sources of dust affecting the NPSG. The mean extinction
coefficient of the dust aerosol for the whole layer over the ECS (0.11 km−1) is about one order of
magnitude higher than over the NPSG (0.02 km−1). The transport of East Asian dust from the desert
regions to the ECS occurred below 4 km, whereas transport to the NPSG occurred at higher altitudes.

The growth of phytoplankton was different in the two seas. The phytoplankton bloom in the
ECS and the west of the NPSG lasted for more than two months. During the bloom period, the
phytoplankton in the ECS experienced three growth periods in which the blooms grew to a peak and
then decreased. The chlorophyll a concentration during the bloom period in the NPSG showed an
initial increase to a peak, followed by a decrease. Dust frequently intruded during the bloom period
in the ECS and may have continuously provided nutrients for the phytoplankton bloom. After dust
deposition in the spring, the bloom in the NPSG did not start until the SST and light levels reached an
optimum value.

The contributions of the deposition of nutrients (nitrogen, phosphorus and iron) to phytoplankton
growth in the two seas were similar. The simulated total dust deposition flux was up to
145.6 mg·m−2·d−1 in the ECS and up to 5.5 mg·m−2·d−1 in the NPSG. Our results suggested that the
atmospheric deposition of iron was the most important factor in phytoplankton growth in the ECS
and accounted for up to 227% of the new springtime production and up to 115% of the mean increase
in chlorophyll a concentration in spring 2010. The new production produced by the atmospheric
deposition of total inorganic nitrogen and soluble phosphorus accounted for up to 4.0% and 0.5%
of the new springtime production in the ECS, respectively. The deposition of soluble iron, soluble
phosphorus and total inorganic nitrogen into the NPSG could have produced up to 291, 0.2% and 1.7%,
respectively, of the increase in the chlorophyll a concentration in summer 2010, suggesting that dust
containing iron was also the most important factor affecting phytoplankton growth in the NPSG and
that nitrogen was the second most important factor.
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This study showed that the active remote sensing is very important as it can identify dust
aerosol vertically. In the future, the spaceborne Lidars [68] and ground-based networks of
Lidars/ceilometers [69] may improve our understanding of the impact of dust deposition on marine
biological activity. They can be used to better monitor the origin of dust layers and their transport
paths; and can be used to validate models (e.g., Müller et al. [70] and Emeis et al. [71]).
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