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Abstract: Numerical simulations revealed a profound interaction between the severe dust storm of
2007 caused by Santa Ana winds and the Gulf of California. The weather research and forecasting
model coupled with a chemistry module (WRF-CHEM) and the hybrid single-particle Lagrangian
integrated trajectory model (HYSPLIT) allowed for the estimation of the meteorological and
dynamic aspects of the event and the dust deposition on the surface waters of the Gulf of California
caused by the erosion and entrainment of dust particles from the surrounding desert regions. The
dust emission rates from three chosen areas (Altar desert, Sonora coast, and a region between these
two zones) and their contribution to dust deposition over the Gulf of California were analyzed. The
Altar Desert had the highest dust emission rates and the highest contribution to dust deposition
over the Gulf of California, i.e., it has the most critical influence with 96,879 tons of emission and
43,539 tons of dust deposition in the gulf. An increase of chlorophyll-a concentrations is observed
coinciding with areas of high dust deposition in the northern and western coast of the gulf. This
kind of event could have a significant positive influence over the mineralization and productivity
processes in the Gulf of California, despite the soil loss in the eroded regions.

Keywords: numerical simulation; Santa Ana winds; dust storm; WRE-CHEM; Gulf of California;
dust deposition

1. Introduction

Every year, dust storms take place in the arid and semi-arid regions of the world [1]. The
drylands such as northwest China, southwest Asia, Australia, Africa, South America, and the
southwestern U.S. are some of the familiar places where these events develop. An estimated 2000
teragrams of dust per year are generated worldwide, caused naturally or anthropogenically induced [2].
Sahara dust storms are the largest source of atmospheric dust, reaching Northern Europe and
contributing to around 50% of the total registered dust [1,3]. Anthropogenic actions such as land
clearing and unfortunate agricultural activities have a direct relation to the increase of the frequency
and magnitude of dust storms [4]. Sparse vegetation in arid and semi-arid regions produce
vulnerability in the soil for wind erosion, allowing the formation of dust storms [5]. Dust storms have
a direct impact on human health, even being able to influence the climatic patterns and energy
balance of the earth system [1,6].
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In northwestern Mexico, the dust storms are associated principally to the Santa Ana Winds.
Every year, during autumn and winter, Northwestern Mexico and Southwestern U.S. are affected by
them [7]. According to [8], around 20 events occur per year (on average) with a mean duration of 1.5
days, being able to modify significantly atmospheric variables like temperature and humidity. Santa
Ana winds belong to a kind of foehn flux [9]. These winds come from arid lands with high
temperatures and low humidity and propagate perpendicular to the coast of California and Baja
California [10]. In some cases, they could produce strong gusts, allowing them to start fires and dust
storms, which bring high economic losses [11].

Santa Ana winds are the result of the combination between specific synoptic conditions and
topography [12]. The two central systems involved are the high-pressure system above the Great
Basin in the USA, along with a low-pressure system in California or Baja California [8]. The
anticyclonic winds are redirected towards the southern California coast and accelerated by the Sierra
Nevada [13], similar to the Berg winds where an anticyclone inland produces a strong outflow forced
to interact with topography reaching a wind speed high enough to transport dust [14]. The hot and
dry components of the offshore winds come from the Great Basin and the Mojave Desert through
mountains to Southern California [10], and by process of warming through adiabatic compression as
the mass of air descends the topographic slopes. The heating mechanism of Santa Ana winds results
from the compression suffered during the descent of wind from the Great Basin Desert (at higher
altitude) to the California coast (at lower altitude) [11].

Densely populated urban areas such as Los Angeles and San Diego in the USA and Tijuana,
Mexicali, and Ensenada in Mexico are affected during Santa Ana winds events. In October 2003, Santa
Ana winds caused over 12 major fires, burning 3000 km? by November [11], with an estimated
damage cost of $2 billion [15]. Another event that occurred in October 2007 was a particularly intense
event causing several dust storms and wildfires that burned 2092.22 km? [16]. Despite the adverse
effects on the population, the oceanic thermal and biological response to Santa Ana winds also has
been documented [17,18]. Positive effects through upwelling filaments caused by Santa Ana winds
in Northern Baja California, where the cold temperatures of deeper water reach the surface, were
exposed by [19]. Upwelling has been considered the central controller on high levels of primary
production [20]. Santa Ana winds events caused changes in the concentration of chlorophyll-a during
this kind of event on the coastal waters of the Pacific Ocean [21]. The frequency of dust storms in
northwestern Mexico leads to the transport of large amounts of dust that could fertilize the ocean
surface during the winter season [22].

The Gulf of California is one of the most productive and marginal seas in the world [23], which
has led to many research works. The observed existence of blooms in the Gulf of California suggests
the existence of mineralization processes [24-26]. Aeolian dust has been considered as the primary
source of iron in the open ocean, which is essential for all organisms [27]. According to [28], iron is
essential since many metabolic functions including nitrogen fixation would not be possible without
iron (Fe). A strong association between a dust storm and anomalously high biological production in
the Arabia Sea has been reported [26]. Some authors have discussed the influence of atmospheric
dust on the productivity of the Gulf of California. Through a study of the atmospheric iron
contribution and dissolved Fe [28], the importance of aeolian Fe by changing the productivity of the
Gulf of California and the role of the desertic areas surrounding was considered. The atmospheric
iron fluxes in the Gulf of California were studied and the source of this contribution discussed [29].
The particle fluxes in the Gulf of California were studied, resulting in a season and annual variability
due to changes in wind direction by climate forcing [30]. The areas with the best conditions through
a spatial-temporal analysis of wind conditions and soil vulnerability to wind erosion were evaluated
in order to propose the best sources areas to transport atmospheric dust in the Gulf of California [31].

This research work aims to analyze the severe dust storm of 2007 caused by Santa Ana winds.
Their meteorological and dynamical aspects are examined using the WRF-Chem Model. Dust storm
simulation of these events has been done in the past, finding high dust concentrations over the Pacific
Ocean and the Gulf of California [32,33]. It is worth investigating the dust concentration distribution
and its interaction with the Gulf of California during a Santa Ana winds event because of the possible
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biological repercussions. An estimation of dust deposition within the Gulf was performed. The
results and their possible role in the mineralization of the Gulf are discussed.

2. Study Area

The study area is located in Northwestern Mexico (North of Peninsula of Baja California, Gulf
of California, and Sonora) and includes the Southwestern USA. The Great Desert of Altar and the
Pinacate Desert at the north of the Gulf of California, are the largest active dune field in North
America [34], with dunes of 200 m of height. The presence of alluvium and plains characterizes the
west coast of Sonora [35].
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Figure 1. (a) Terrain elevation model in the study area and (b) Main land use. Source: [36,37].

Dry and arid conditions determine the climate of the study area where predominate the arid,
semi-dry, desert with temperate zones and warm desert [38]. The land use and the vegetation cover
correspond to vegetation from arid lands. There are different types of scrub with most dominanct
being microphyllous scrub [36]. For the Great Desert of Altar, the vegetation is for sandy desert and
barren areas. On the west coast of Sonora, most of the vegetation cover is microphyllous scrub, with
some areas covered by sarcocaulescent desert shrubs, xerophile mezquital, as well as induced and
cultivated pastures [36].

The Gulf of California is located in the northwestern part of Mexico. It is classified as a marginal
sea and considered the only evaporation basin in the Pacific Ocean [39]. The length of the gulf reaches
approximately 1000 km, with an average width of 150 km. The Pacific Ocean and the wind regime
present in the region influence the thermodynamics and seasonal circulation in the Gulf of California
[40]. There is a difference in the physical properties of water in the gulf, depending on the region. The
north region contains high surface salinity with temperatures varying between 10 °C and 32 °C in
winter and summer, respectively [41]. The temperatures in the central part of the gulf are 16°C during
winter and 31°C in summertime [42], with low surface salinity caused by a flowing stream over the
east coast in a northwest direction [43]. During the summer season, most of the rain over the Sonoran
Desert comes from humidity generated in the Gulf of California [44]. During the winter, surface
winds prevail from the north, while in summer, surface winds blow from the south [45].
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2.1. Description of the Event

On October 21 2007, several fires and dust emissions devasted important areas of California and
deteriorated the air quality of vast zones of California and Mexico. Dust emissions continued until
October 23, while some fires were contained until November (Figure 2a, b) [16]. From October 21 to
October 23, a high-pressure system was located above the Great Basin Desert along with a low-
pressure system at the south of the Baja California Peninsula, giving the formation and intensification
of Santa Ana Winds. The high-pressure system at surface levels was initially in the Pacific Ocean, and
then it moved inland to east on October 21. When the high-pressure system reached the Great Basin,
the anticyclonic flow caused geostrophic winds from the northeast, flowing perpendicularly to the
coast of California and Baja California, and they were forced to interact with topographic features
like the Sierra Nevada. These geostrophic winds knowns as Santa Ana winds started several fires and
significant dust emissions. On October 22, the synoptic conditions are the typical conditions for the
formation of Santa Ana winds [8,10], with a high-pressure system above the Great Basin (see Figure
2¢). Along with this high-pressure system, the tropical storm Kiko at the south of the Baja California
peninsula caused a strong pressure gradient along the coast. On October 24, the high-pressure system
above the Great Basin moves to the east, and the tropical storm moves to southwest, weakening the
pressure gradient along the coast and decreasing the intensity of Santa Ana winds to finally change

11 6°0W75 150 225 ‘!N:‘ 2°W 11 6°W0 75 150 22511102°W

7‘3?1@-
|? X\%\:;;‘- )

B
7

S,
i~
E

vpév N |1
002 e

BYE st s : ‘/@:
e

Figure 2. Moderate Resolution Spectroradiometer image (MODIS) from NASA’s Terra satellite. (a)
Dust storms on October 21, 2007, (b) dust storms on October 22, 2007 in which is observed transported
dust above the Gulf of California and (c¢) Surface level chart at 12:00 UTC on October 22, 2007 from
the NOAA/National Weather Service.

3. Methodology

The weather research and forecasting (WRF) model is a numerical weather prediction and
atmospheric simulation system designed for both research and operational applications [46]. There
exist several WRF-related systems, each of them with specific characteristics. One of these options is
the WREF coupled with chemistry (WRF-Chem). This model simulates the emission, transport, mixing,
and chemical transformation of trace gases and aerosols simultaneously with meteorology [47]. In
this study, the WRF-Chem model was used to simulate the meteorology conditions and dust
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emissions over the Gulf of California from October 21 to October 23, 2007. The domain configuration
used was a single domain of 100 x100 grid points, with 9 km of resolution centered on 32.21° N,
116.08° W (Figure 1) and a time step of 54 s (see Figure 3). The model ran with National Centers for
Environmental Prediction Final Analysis (NCEP FNL) operational model global tropospheric
analyses [48] data with a 1° grid-scale and 6 hourly output. Static data selected were provided by the
USGS, with 33 categories of land use and a topography resolution of 30 s. The vertical grid was
composed of 29 sigma levels from the surface to ~10 km using a smaller spacing in the low levels. The
total time simulation, embraces from Oct 19, 2007 to Oct 24, 2007, including the spin-up time.
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Figure 3. Domain Configuration. Nearest meteorological stations are also plotted: Ensenada (a)
Mexicali (b) and Bahia de los Angeles (c).

The physical parameterizations used were: WRF Single-moment 3 for microphysics [49], Dudhia
and RRTM scheme for shortwave and longwave radiation [50,51], Pleim-Xiu scheme for surface layer
[52], land surface options [53], and Kain—Fritsch scheme for cumulus parameterization [54] (see Table
1). The chemical options used were: the Shao2011 dust emission scheme [55], along with GOCART
simple module, which considers total dust as 5 dust bins with size diameters of 0-2 um, 2-3.6 pm,
3.6-6 um, 6-12 um, and 12-20 pm. Several sensitivity experiments allowed determining the applied
physical and chemical options. The results obtained come from the combination of the schemes
mentioned above. WRF-Chem simulations were validated using data from three of the nearest
meteorological stations (Figure 1). Statistical estimators as RMSE and bias were calculated (Table 2).
The model reproduces wind speed high-frequency oscillations adequately during Santa Ana winds
event. Although underestimation is observed in the crests with observed data in Ensenada and Bahia
de los Angeles, wind speed is adequately modeled in Mexicali, which is the nearest station to the
dust emission areas analyzed. The wind speed variable has a direct impact in the dust emission rate.
The temperature oscillations and tendencies are well represented, although underestimation in
observed in the temperature peaks during the analyzed days. An overestimation of relative humidity
simulated in the west Peninsula of Baja California is shown by the high RMSE in Bahia de los Angeles
and Ensenada. However, the relative humidity in Mexicali is adequately simulated by the model.
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Table 1. Physical and chemical configuration of WRF-CHEM.

Description Namelist Otions Scheme/References
Microphysics mp_physics =3 WREF Single moment 3 [49]

Shortwave radiation ra_sw_physics =1 Dudhia [50]

Longwave radiation ra_lw_physics =1 RRTM scheme [51]

Surface layer physics sf_sfclay_physics =7 Pleim Xiu scheme [52]

Land surface model sf_surface_physics =7 Pleim Xiu land surface model [53]

Cumulus parametrization cu_physics =1 Kain-Fritsch scheme [54]

Dust scheme dust_opt=4, dust_schme =3 Shao2011 dust emission scheme[55]

Table 2. Root Mean Square Error (RMSE) and bias calculated from WRF-Chem simulations and
stations data along with the mean of observed data for meteorological variables: Temperature (T),
Relative Humidity (RH) and Wind Speed.

RMSE BIAS MEAN
Station T RH ;;:Li r gy Wind T RH SV; ‘e‘:i
o 0, o 0,
Q) () (m/s) Speed (°C) (%) (m/s)
Mexicali 273  7.59 155  -194 051 030 2242 1884 4.38
Ensenada 299 22.02 415  -126 -032 236 2464 23.79 6.88
Bahiadelos 553 084 436 370 1748 356 258 319 7.99
Angeles

High concentrations of PM10 were recorded in the urban area of Tijuana, reaching 800 pg/m? on
October 21 and 970 pg/m? on October 22. Although the chosen scheme is one of the most accurate
because of its physical approach, some inconsistencies are observed between the modeled and the
recorded concentrations since the maximum PM10 concentration modeled is 632 ug/m3. This can be
explained by the underestimation of wind speed on the west side of Baja California and the emission
of aerosol because of wildfires, which could influence the observed PM10 concentrations in southern
California and northern Baja California, and this is not considered by the dust emission scheme.
However, this influence could be very little or inexistent in the atmosphere over the Gulf of California
because the wind direction in the wildfires area was toward the Pacific Ocean.

In addition to the WRF-Chem simulations, the hybrid single-particle Lagrangian integrated
trajectory (HYSPLIT) Model was used for a more in-depth analysis of the dust simulations. This
model is a complete system for computing simple air parcel trajectories, as well as complex transport,
dispersion, chemical transformation, and deposition simulations [56]. The model calculation method
is a hybrid between the Lagrangian approach and the Eulerian methodology, allowing to calculate
trajectories (single or multiple), wet and dry deposition, resuspension, and air concentrations among
others. In this case, the WRF-Chem model outputs were used in the initialization of the HYSPLIT
model. The results were then post-processed for its interpretation.

3.1. Dust Deposition Estimation Methodology

The methodology to estimate the amount of mass deposited is described in the following. In
order to get an estimation of the quantity of dust deposited on the Gulf of California, a methodology
was proposed using Lagrange trajectories and dust emission output of WRF-CHEM simulations.
After the WRF-CHEM simulation, the output is used as an input data for HYSPLIT taking the
advantage of the vertical and horizontal spatial resolution of the input data for calculating forward
trajectories with a time step of 10 min. Particle emission experiments were carried out in different
coastal zones. In each zone, there were 10,000 homogeneously distributed particles. Through
trajectories simulations of particles using HYSPLIT and post-processing, it was possible to estimate
the percentage of emitted particles that fall in the Gulf of California. The trajectory simulations
duration is 12 h, giving final deposition positions. The particles emitted belong to the initial instant
of the simulation. However, a simulation of continuous emission of particles was not carried out. The
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distribution of trajectories of the first 10,000 particles represents the distribution of trajectories of all
particles emitted over 12 h, and they have the same final percentage of particles deposited in the gulf.
In other words, the spatial distribution of the initial 10,000 particles is representative of the
distribution at other time steps for 12 h. For a specific emission zone, WRF-CHEM dust emission
output allows calculating the total emission of dust mass. The same percentage of the 10,000 particles
that fall on the waters of the gulf is applied to the total dust mass emitted in the 12-h simulation. In
this way, the dust mass deposited in the Gulf of California is obtained. From October 21 at 12:00 UTC
until October 23 at 24:00 UTC, five 12-h periods were simulated, and each simulation began with the
emission of 10,000 particles following the same methodology.

The principal assumption to calculate the mass of dust deposited is that in 12 h, the particles
emitted in each time step follow similar paths. The deposition of particles on the waters of the Gulf
of California is then estimated simply by multiplying the percentage of the deposited mass of the
particles emitted in the first time step by the number of time steps in the 12 h. The aim is now to
justify this assumption. The 12 h was divided into two experiments of 6 h each, that is, in each
experiment, there was an emission of particles in the first time step, the amount of total mass
deposited was estimated for these particles and multiplied by the number of time steps in 6 h. In the
experiment of the first 6 h, the amount of dust emitted was about 12951 tons, and the amount
deposited was approximately 7915 tons. This represented 61% of the total issued. In the second 6 h,
the total amount of dust emitted was 25147 tons, and the amount of dust deposited on the gulf was
15,704 tons, that is, 62%. Adding the results of the two 6-h periods results in a total dust emission of
38,098 tons and a total deposited of 23,620 tons. These data compared to the 12-h experiment (38,097
tons emitted and 23,285 deposited) are quite similar, and they suggest that the assumption of similar
trajectories for 12 h is acceptable at first approximation.

4. Results

4.1. Temperature and Wind

During the first hours of October 21, the wind direction was northern over the Gulf of California
(Figure 4a). The modeled wind speed was between 1 m/s and 6 m/s. At 7:00 UTC, wind direction
changed to the southeast, and by 17:00 UTC, the wind over the Gulf of California was southeast
(Figure 4b). The wind speed increases from 2.5 m/s to 17.0 m/s between 9:00 UTC and 21:00 UTC of
October 21, reaching a peak of 18.5 m/s at 2:00 UTC of October 22 (Figure 4c). The low-temperature
oscillation (from 23°C to 26°C), modeled during the most intense Santa Ana winds days, night, and
day revealed the high heat capacity of the Gulf of California. This allows maintaining a temperature
contrast between the cold temperatures inland at the north and the warm temperature over the Gulf
of California (Figure 4d). The contrast was 8 °C in some periods. This temperature contrast increases
the pressure gradient extending from high-pressure inland at the north, to low pressure in the Gulf
of California, and the wind speed has an increase as a response. Wind speed over the Desert of Altar
was able to erode the soil and transport it over the Gulf of California.
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Figure 4. Temperature (°C) and wind vectors with a magnitude reference of 20 m/s at surface level in
domain 1. (a) 00:00 UTC on October 21, (b) 17:00 UTC on October 21, (c) 02:00 UTC on October 22 and
(d) 10:00 UTC on October 22.

4.2. Relative Humidity

The modeled relative humidity for California varied between 25% and 40% while in the Gulf of
California, was higher than 60% (Figure 5a). With the arrival of Santa Ana winds, at approximately
12:00 UTC on October 21, the humidity on the mainland was reduced to 10% - 15%, while the
southward flow of the winds reduced the relative humidity over the Gulf of California, at 00:00 UTC
on October 22, the relative humidity reached a minimum value of about 15 % (Figure 5b). In most of
the mainland, the relative humidity reached values less than 15%, in Sonora’s west coast, relative
humidity reached lower values than 15%, and in the Gulf of California, low relative humidity values
reached their maximum extent (Figure 5c). More specifically, at the beginning of October 21, weak
winds transported humidity from the Gulf to the coast, reaching a peak of 50%, between 15:00 UTC
and 22:00 UTC on October 21, relative humidity decreases from 48% to 11% and decreasing to 6% at
4:00 UTC on October 22. The wind conditions caused a low relative humidity to the Gulf of California,
with a notable reduction to values between 15% and 30%. By the end of October 23, it starts a slow
humidity recuperation over the Gulf because of decreasing wind speed (Figure 5d).
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Figure 5. Relative humidity (%) and wind vectors with a magnitude reference of 20 m/s at surface
level in domain 1. (a) 00:00 UTC on October 21, (b) 00:00 UTC on October 22, (c) 04:00 UTC on October

22 and (d) 22:00 UTC on October 22.

4.3. Dust Concentrations

Figure 6 describes the average dust concentrations simulated over the northern part of the Gulf
of California and its oscillation during the Santa Ana wind event. Before the event, the average dust
concentrations simulated were insignificant, but throughout October 21, the average concentrations
grew dramatically to more than 6000 pg/m? and remained very high until October 24. It is shown
below that the distribution of the dust concentration had a considerable variation both spatially and

temporarily over the Gulf of California.
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Figure 6. Time series of mean total dust concentration simulated in the 10 m above the north of the
Gulf of California.

Initially, dust emissions were irrelevant in the entire domain (Figure 7a). Significant dust
emission starts at the northern side of the Desert of Altar when wind direction turns to south at 07:00
UTC on October 21 and one hour after, wind speed increase to 8 m/s over the Desert of Altar causing
the start of erosion, emitting concentrations above 3000 pg/m?. Wind intensification between 9:00
UTC and 19:00 UTC on October 21 with southeast direction transport substantial quantities of dust
over the Gulf of California. At 00:00 UTC on October 22, the dust emission produced dust
concentrations of more than 10,500 pg/m? (Figure 7b). Dust concentration reach values above 10,000
pg/m? on Sonora’s coast, and 8000 pg/m? above the Gulf of California. The mean dust concentration
above the Gulf of California at the first hours of October 21 is low, under 100. Between the 18:00 UTC
and 22:00 UTC on October 21, the mean concentration has a sharp increase in reaching about 6550
ug/m?3. Dust concentrations remained very high in coastal areas on the mainland side on October 23
and 24 and generally high over the Gulf of California (Figures 7c, d). The most critical emission area
the Desert of Altar on October 21. The wind speed reaches 10 m/s over the east coast of the Gulf of
California (Sonora’s west coast) at 17:00 UTC. At 22:00 UTC the area of emission grows from the
Desert of Altar to Guaymas. Figure 7 reveals that the wind can transport dust from the Sonora’s coast
to the Pacific Ocean, crossing over the Gulf of California and the Peninsula of Baja California through
elevations that allow it. Through October 23 and October 24, the mean dust concentration over the
Gulf of California decreases slightly along with the wind speed reaching lower concentrations.
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Figure 7. Dust concentration in the lowest layer of the atmosphere (ug/m?® ) and wind vectors with a
magnitude reference of 20 m/s in domain 1. (a) 00:00 UTC on October 21, (b) 00:00 UTC on October
22, ¢) 00:00 UTC on October 23 and (d) 00:00 UTC on October 24. Guaymas is represented by a green

point.

Since the intention is to investigate dust deposition on the Gulf of California, vertical dust
concentration transects give relevant information on dust concentrations in the lower layers of the
atmosphere. Three cross-sections and one along the gulf gives valuable information on the vertical
distribution of dust (Figure 8a), and all suggest significant deposition of dust on the Gulf of California
waters. In the vertical section along the Gulf of California (Figure 8b), concentrations of dust above
5000 pg/m? can be observed, reaching almost 1 km in height. Figure 8c depicts that the source of dust
is in the Desert of Altar on the mainland side of the gulf, along the coast of Sonora. The dust flux,
emitted in the Altar desert, covers the entire northern part of the Gulf of California, and it leads to
very high dust concentrations on the east side of the gulf with 6000 pg/m? in the lower layers of the
atmosphere. Throughout the three days considered in the analysis of the dust concentration, the
contributions in the archipelago area were due primarily to dust from the Altar desert (Figure 8d)
and then from desert areas in southern Sonora (Figure 8e). High wind speeds, between 10 m/s and
18 m/s, led to high dust concentrations of more than 6000 pg/m? throughout the northern part of the
Gulf of California and also further south along the yellow line vertical section (Figure 8f).
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of 10 m/s at 22:00 UTC on October 21. (a) location of cross sections, (b) Cross section from north to
south (black line), (c) Cross section from west to east (red line), (d) Cross section from west to east
(orange line), (e) Cross section from west to east at 08:00 UTC on October 22 (orange line) and f) Cross
section from west to east (yellow line).

4.4. Estimation of Dust Deposition over Gulf of California

High dust concentrations in the atmosphere over the Gulf of California indicate that there might
be a relevant interaction between the coastal regions and sea surface during dust storm events. The
vertical sections (see Figure 8) suggest that a fraction of the dust emitted by the coasts in the northern
part is deposited in the Gulf of California. Based on the dust emissions observed in Figure 2, three
relevant emission zones can be distinguished: The Altar desert zone, the Sonoran Desert, and an
intermediate zone between the two deserts. Section 3.1 describes the methodology for estimating dust
deposition on the waters of the Gulf of California. The Altar desert has the highest rates of dust mass
emission with values of the order of 4300 tons at each time step (Figure 9a). Since the percentage of
deposited particles was 61%, the maximum rate calculated for the mass of dust that was deposited
on the waters of the Gulf of California was around 2600 tons, in the simulation of the first 12 h. Two
other peaks with emissions of approximately 2600 tons and 1950 tons occurred on October 22 and 23,
respectively. In the area of the Sonora coast, emissions are lower, reaching a maximum emission rate
of 3400 tons at approximately 24 h on October 21 (Figure 9b). The other observed peaks occur at
similar times as in the Altar desert. The emissions that reach the gulf surface are substantially smaller.
The area located between the Altar desert and the coast of Sonora emits smaller amounts of dust mass
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but shows similar emission peaks to the other two zones, with the maximum emission rate reaching
an approximate value of 1750 tons (Figure 9c).
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Figure 9. Time series of dust emitted along with the dust deposition estimation in the Gulf of
California in (a) Altar Desert area (b) Sonora coast area and (c) a delimited area between the Altar
Desert and the Sonora coast area.
Table 3. Results of estimation of dust deposition in the Gulf emitted by the areas of case 1 (Altar
Desert) and case 2 (Sonora coast).
Case 1
Date Particles Percentage Dust Deposited in Gulf Dust Emitted from the
Deposited in Gulf (%) (ton) Area (ton)
21/Oct 12:00 61 23,285 38,097
22/Oct 00:00 44 7248 16,317
22/Oct 12:00 28 6805 24,262
23/Oct 00:00 27 1128 4106
23/Oct 12:00 35 5073 14,097
Total 43,539 96,879
Case 2
Date Particles Percentage Dust Deposited in Gulf Dust Emitted from the
Deposited in Gulf (%) (ton) Area (ton)
21/Oct 12:00 9 1611 16,749
22/Oct 00:00 8 1524 17,517
22/Oct 12:00 24 4499 18,185
23/Oct 00:00 23 1904 7979
23/Oct 12:00 20 1239 5932
Total 10,777 66,362

The Altar Desert area emitted the most considerable amount of dust of the three chosen areas
(Table 3, case 1). This area emitted about 96879 tons of dust mass during the three days of the event.
Note that in 12-h modeling, the dust mass deposition in the Gulf varied from the first 12 h on October
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21 (23285 tons) to October 23 (5073 tons). From this amount, the estimation of dust deposited in the
Gulf of California was approximately 43,539 tons. This represents about 45 % of the total dust mass
emitted. While the percentage of deposited Lagrangian particles of the first experiment on October
21 at 12:00 UTC is 61 %, a decrease in the percentage is observed through the next experiments (Table
3 case 1). This could be explained by the wind intensification or wind direction that allowed emitted
dust to reach areas beyond the Gulf of California, even crossing the Peninsula of California (Figure
10b, ¢, d). These particle distribution scenarios in the lower parts of the atmosphere (see Figure 8) and
horizontal distributions in Figure 10, explain the deposition process on the surface of the Gulf of
California. Distribution maps of each experiment were plotted to depict the particle quantity
deposited in a grid resolution of 0.05 degrees (cases 1, 2, 3). The most relevant aspects of each case
are shown. Although some experiments showed the deposition position of particles from the Altar
Desert area further south in the Gulf of California, the particle deposition was mostly in the northern
part of the Gulf (Figure 10). It is observed that a variable amount of particles can reach and cross the
mountain ridge of the Peninsula of Baja California (Figures 10 and 11).
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Figure 10. (a) Initial positions of particles in Altar Desert area and distribution maps of number of
deposited particles per grid point of experiments on (b) October 22 at 00:00 UTC, (c) October 22 at
12:00 UTC and (d) October 23 at 00:00. Grid of 0.05 degrees’ resolution.

Figure 11 depicts a specific particle experiment in the Altar Desert Area lasting 12 hrs. The
experiment begins at 12:00 UTC on October 22, where 10000 particles are in their initial positions
(Figure 11a). At 14 h UTC, 68% of the particles continue to be transported while the rest have already
been deposited (Figure 11b). At 16:00 UTC, more particles have been deposited, while 59% continue
to be transported (Figure 11c). At 18:00 UTC, 54% continued to be transported by the wind, while
46% of the initial particles have been deposited or exited the domain (Figure 11d). After the 12 h of
the experiment duration, every particle has been deposited or reached the domain boundaries.
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Figure 11. Particles positions from Altar Desert area at different time steps on October 22, (a) 12:00
UTGC, (b) 14:00 UTC, (c) 16:00 UTC and (d) 18:00 UTC.

The Sonora coast area had a first significant increase in dust emission, reaching a peak of over
3000 tons on October 22 at 21:00 UTC (Figure 9b). The deposition percentage during the period from
October 21, 12:00 UTC to October 22, 12:00 UTC was below 10%, giving a dust deposition of 3135 tons
during these 24 h. In the next hours, although the dust emitted was less than the previous, the
estimation of dust deposition in the gulf was higher since the wind direction was slightly offshore
giving a higher percentage of Lagrangian particles deposited in waters of the Gulf of California
(Figure 12 b-d). The Sonora coast area has the second-largest amount of emitted dust (Figure 9b). The
dust emission of this area was about 66,362 tons during the event (Table 3 case 2). The estimation of
dust deposition in the Gulf of California was approximately 10,777 tons. Most of the particles
deposited on the sea surface were in the vicinity of the coast, near to initial positions inland.
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Figure 12. (a) Initial positions of particles in Sonora coast area and distribution maps of deposited
particles of experiments on (b) October 22 at 00:00 UTC, (¢) October 22 at 12:00 UTC and d) October
23 at 00:00.

The area of the third case had a substantial increase in dust emission that reached a peak of over
1700 tons on October 21 at 22:00 UTC (Figure 9¢c). A second and a third peak of dust emission (1000
tons and 1500 tons) appeared during October 22, with a significant amount of dust deposited on the
surface of the Gulf of California. By the end of October 22 (36 h after the beginning of the simulation),
the estimation of dust deposited in the gulf was about 10,747 tons. On October 23, a decrement in
dust emission and dust deposition in the Gulf of California is observed, with an estimation of dust
deposition in the gulf of 1325 tons during the day. The area limited between the Altar Desert, and the
Sonora coast was chosen to estimate its contribution to dust deposition on waters of the gulf (Figure
13a). This area had a total emission of about 42,123 tons. The estimation of dust deposition in the Gulf
of California was approximately 12,072 tons, which represents the fourth part of the emitted dust.
During most of the event, the Lagrangian trajectories indicated that the percentage of deposited
particles on the sea surface oscillated between 27% and 34%. Figure 13b, ¢ depicted particles reaching
deposition positions far from the emission area. Approximately a third part of the dust emitted by
this area can deposit within the Gulf of California. The experiments at 12:00 UTC on October 21 and
October 22 at 00:00 UTC shows particles reaching deposition positions far from the emission area
(Figures 13Db, c). The experiment at 00:00 UTC on October 22 shows how particles reach and deposit
in southern parts of the gulf while another experiment (October 22 at 12:00) showed particle
deposition near the coast, in the northern part of the gulf.
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Figure 13. (a) Initial positions of particles in the area between the Altar Desert and the Sonora coast
area and distribution maps of deposited particles of experiments on (b) October 21 at 12:00 UTC, (c)
October 22 at 00:00 UTC and (d) October 22 at 12:00.

5. Discussion

The areas of dust emissions (Figures 10a, 12a, and 13a) are the desert regions that were proposed
as the regions with the higher percentage of wind speed conditions able to erode in other study [31].
The aeolian dust sedimentation in the surface layers of the Gulf of California is difficult to estimate.
Turbulence, seasonal upwelling, and circulation enhances water transport and mixing [57], which
makes it very difficult to assume that the dust will stay and sediment precisely where it was
deposited. Nevertheless, the emission of the coastal dust and its deposition on the surface waters of
the Gulf of California can be discussed. The calculations carried out in this research work reveal that
a considerable amount of dust could be deposited in the Gulf of California. The importance of this
interaction is supported by studies in other parts of the world [26,27]. Biogenic sediment fluxes in the
Gulf of California have been observed from fall to spring season, and even a secondary peak of
lithogenic particle fluxes appears in winter [30]. This coincides with the season of prevailing winds
from the north that are capable of transport dust from the desert coasts that surround the Gulf of
California. However, the temperature decrease by cold fronts and strong winds from the northwest
have been capable of producing an intense mixing with an increase of nutrients in the surface layer
[57]. There is a disagreement about the influence of atmospheric dust deposited on the growth of
organisms. Some studies results might suggest that physical forcing in the winter-spring period could
have a more critical impact over the organism grow in the Gulf of California by cooling surface
waters, by breaking of the thermocline [58], and by causing resuspension of sediments [57]. Estimates
indicate that at least 43% of atmospheric particle flux contributes to the terrigenous material found
in waters of the Gulf of California [30,59]. This atmospheric particle contribution with Fe content
could change the general productivity in the northern part of the Gulf of California. High superficial
dissolved Fe concentration linked to aeolian dust transport has been reported [29]. Another study has
found that the Fe source could be linked to upwelling conditions and not to external dust [20].
According to [60], there could be an impoverishment in the surrounding desert soils from Baja
California and aeolian Fe contribution could be from remote sources too. However, the presence of
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Fe bearing minerals like ilmenite, titanomagnetite, and magnetite have been observed in the Altar
desert [61]. The intensity of dust storms can be very variable; particularly, each Santa Ana wind event
is different whose scope sometimes covers up to the southern part of the Gulf of California. The inter-
annual variability of dust storms has been observed in other parts of the world [62]. The process of
mineralization by dust storms is then relevant since the Gulf of California is surrounded by desertic
regions with potential dust emission [31,63]. Santa Ana winds contribution to the total annual input
of dust, Fe, and Mn to the coastal waters of California has reached ~ 15%, 20%, and 24%, respectively
[64].

It is interesting to relate the processes of dust deposition on the waters of the Gulf of California
with biological processes such as chlorophyll concentration. An increase in chlorophyll-a
concentrations within the north and east coasts of the Gulf of California is observed on October 23,
i.e,, when the dust emissions towards the gulf ended (Figures 14b). These concentrations are
compared with observed concentrations before the Santa Ana winds event on October 15 (Figure
14a). It is interesting to observe that high chlorophyll-a concentrations in Figure 14b coincide with
high dust deposition areas within the gulf calculated in this research work (Figures 10, 12, and 13).
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Figure 14. Chlorophyll-a concentration in logarithm scale (mg/m?) from SeaWiFS (a) October 15 and
(b) October 23. Images produced with the Giovanni online data system, developed and maintained
by the NASA GES DISC featuring SeaWiFS project data.

The results found here show that under the extreme conditions of October 2007, a considerable
amount of dust traveled above the Gulf of California, and an important part is deposited. This kind
of event causes an extreme erosion in northwestern Mexico and the soil loss under winds of this
magnitude to represent a robust environmental impact over the coasts as an air quality and visibility
reducer [65,66], and as a pathogen transport [67]. Despite the negative effect, this critical quantity of
dust contributes directly to the mineralization of the Gulf of California and could be of importance
to biological processes as it has been observed in the Gulf of California and other parts of the world

6. Conclusions

This research work showed that the deterioration of air quality due to the Santa Ana winds is
large in northwestern Mexico, showing further that huge amounts of dust can be deposited in the
waters of the Gulf of California, and revealed the different sources of dust on the Mexican side. On
October 21, 2007, synoptic conditions triggered the formation of the Santa Ana winds and its
intensification, causing several dust storms in northwestern Mexico. The dust transport and the
interaction with waters of the Gulf of California was the main objective of this research. There exists
a possible mineralization process of the waters where the dust deposited. Simulations with the
atmospheric model WRF-Chem 3.6.1 and the implementation of Lagrangian trajectories applying the
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HYSPLIT model allowed for an analysis of the event. The arrival of intense winds from the north
brought cold and dry air from the desert. The wind speed over the coast of Sonora allowed the erosion
and entrainment of dust particles from the desert regions that surround the Gulf of California. The
most crucial emission area is the Altar desert, but the emission area grows through all the coast of
Sonora. These regions represented a valuable source of dust and supported the areas proposed by
other study as the more likely to have the wind speed needed to cause erosion [31]. During the dust
storm, the mean dust concentration over the gulf reached a peak of about 6543 ug/m? at the surface
level. On the last hours of October 21, dust reached heights near to 1 km. Assumptions were made to
estimate the dust deposition in the Gulf of California. Three cases with different emission areas were
analyzed through Lagrangian simulations to estimate the magnitude of dust deposition in the gulf.
The Altar Desert area (case 1) emitted about 96,879 tons of dust mass, of which 43,539 tons deposited
in the waters of the gulf. Distribution maps suggest that most of the dust deposited in the gulf was
near the northern coast. The Sonora coast area (case 2) emitted 66,362 tons of dust, while 10,777 tons
reached the gulf and deposited there. Although a significant amount of the emitted dust deposited
within the mainland coast of Sonora, the wind allows a significant amount of deposition in the gulf,
near to the coast. A third case covers the area between the Altar desert area and the Sonora coast area.
The emitted dust was 42,123 tons, and from these, 12,072 tons were deposited in the Gulf of
California. A significant part of the emitted dust is deposited in the gulf near to emission zones and
areas far away in the south. The calculations indicate that the dust emitted by the Altar desert area
has the most critical influence on the Gulf of California. An increase of chlorophyll-a concentrations
within the north and east coasts of the Gulf of California is observed by the end of the dust emissions
on October 23. These high concentrations of chlorophyll-a coincide with the areas of high dust
deposition estimated in this work. A concluding remark is that the significant dust deposition amount
over the Gulf of California in this kind of event seems to have an impact on the mineralization and
productivity in the Gulf of California that must be assessed. Events of this magnitude should have
an abrupt influence over the Gulf of California conditions with positive biological consequences
despite a large amount of soil loss in the desert regions surrounding the gulf.
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