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The Mediterranean Basin is frequently affected by desert dust outbreaks coming from the north of Africa. The presence of this type of particulate matter (PM) joint to others (in particular, anthropogenic pollution from the intense human activities) makes the air quality over this region a worrying issue. In this sense, an accurate characterization of the dust transport is essential. This study tries to shed some light on the sensitivity of dust modeling to the spatial resolution by using the online integrated meteorological-chemical model (WRF-Chem). Three simulations only differing on spatial resolution (D1 at 1.32°, D2 at 0.44° and D3 at 0.11°), during a representative omega-blocking situation over Europe causing Saharan dust transport over the Mediterranean and central Europe were evaluated against MODIS and AERONET. This evaluation revealed an improvement in the model AOD representation when resolution becomes finer, specially over the Saharan desert dust affected area. These discrepancies between resolutions could be attributed to changes both in thermodynamics and dynamics, since AOD is sensitive to aerosol mass, size distribution and water uptake. Relative humidity (RH) and PM-ratio (PM2.5/PM10) present non-local differences due to the increase of the resolution as a consequence of changes in the long-range transport spatial pattern. Henceforth, the comparison of wind speed and direction, geopotencial height and sea level pressure (SLP) against ERA5 data shows a better representation of the dynamical patterns when decreasing spatial resolution.
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1. INTRODUCTION

The Mediterranean Basin is home to around 480 million people along its coastal regions and its hydrological basins across three continents: Africa, Asia and Europe (UNEP/MAP-Plan Bleu, 2009). This region is an unique area due to its morphological and geographical characteristics which result in complex atmospheric processes (Jiménez et al., 2006; Gkikas et al., 2012), some of which have a high impact on human activities and safety (Michaelides et al., 2018). For all that, the Mediterranean area may be one of the most sensitive world regions and has been identified as one of the main climate change hotspots (Giorgi, 2006; Diffenbaugh and Giorgi, 2012; Ruti et al., 2016).

One of the atmospheric processes widely affecting the Mediterranean Basin is air quality (Michaelides et al., 2018). Atmospheric particulate matter (PM) receives much public and scientific interest due to its significant environmental health risks (EEA, 2011; Díaz et al., 2017; Querol et al., 2019) and climatic effects. Specifically, the Mediterranean Basin is a perfect testbed for the study of atmospheric aerosols, since it presents an intense formation, accumulation and re-circulation of aerosols (Millán et al., 1997; Pérez et al., 2004; Querol et al., 2009; Ealo et al., 2016) from different sources as desert dust from the Sahara; sea salt; biomass burning from fires (especially in summer); particles with anthropogenic origin; and, eventually, volcanic ash. All of these facts joint to its geographical position and complex terrain make the role of aerosols even more crucial over the Mediterranean area (Papadimas et al., 2012) with a more intensive impact of aerosol effects than over central Europe (Andreae et al., 2002), especially in summer when the aerosol forcing is greater (Charlson et al., 1992).

Saharan desert dust is one of the major component of these atmospheric aerosols over the Mediterranean (Michaelides et al., 2018), being considered as the largest PM10 source at urban and rural sites in the Mediterranean Basin (Kaskaoutis et al., 2012; Pey et al., 2013). Moreover, more than half of the total natural dust emissions are coming from the Sahara emission sources (Goudie, 2009; Huneeus et al., 2011; Shao et al., 2011; Ginoux et al., 2012) and around 10% of these Saharan dust aerosols are carried to Europe by crossing the Mediterranean Basin during strong outbreaks (Moulin et al., 1998; Barnaba and Gobbi, 2004; Israelevich et al., 2012; Pey et al., 2013). As pointed out by Rodríguez et al. (2001) and Pandolfi et al. (2011), this north African dust produces a regional effect in the Mediterranean region.

In addition, aerosols in general (and desert dust in particular) are important forcing agents which modify the Earth's energy budget through aerosol-radiation (ARI) and aerosol-clouds (ACI) interactions (Randall et al., 2007; Boucher et al., 2013). ARI are highly dependent on aerosol optical properties because they occur due to aerosol scattering and absorption of radiation. On the other hand, ACI modify clouds properties affecting both radiation and precipitation. Due to these effects, together with clouds, atmospheric aerosols are one of the forcing agents with the largest uncertainty in the climate system (Randall et al., 2007; Boucher et al., 2013).

For all these reasons, an accurate characterization of the transport of desert dust from northern Africa and its effects over the Mediterranean Basin is crucial. A wide number of works have characterized its transport pattern (Moulin et al., 1998; Escudero et al., 2005; Cachorro et al., 2006; Meloni et al., 2007; Barkan and Alpert, 2008; Salvador et al., 2013), the characteristic of the dust outbreaks (Guerzoni et al., 1997; Gkikas et al., 2016) and the properties of these particles (Guerzoni et al., 1997; Nisantzi et al., 2015). All these studies, among many others, are based mainly on observations.

However, modeling tools and applications are receiving increasing attention in the study of desert dust due to their potential (Pérez et al., 2011; Huneeus et al., 2016). Some works combine modeling and observational approaches, as Schulz et al. (2009), where an intercomparison in the framework of the global aerosol model (AeroCom) initiative was performed; or Basart et al. (2016) where nine European regional dust models were intercompared. But these works evidence the challenge in dust modeling because of the high uncertainties associated to the accurate description of several processes (Rizza et al., 2017), which are mainly related to emissions, re-suspension processes, aerosol chemistry, and meteorological conditions strongly influencing spatio-temporal dust transport (e.g., Knippertz and Todd, 2012). Additionally, the location of the Mediterranean in a transitional band between the subtropical and the mid-latitude zones renders the modeling of this region a very challenging task (Planton et al., 2012).

Several works have studied the sensitivity of dust models to several parameterizations such as emission schemes (Flaounas et al., 2017), dust properties (Colarco et al., 2014) or the inclusion of ARI+ACI processes (Solmon et al., 2008; Baró et al., 2017; Palacios-Peña et al., 2017, 2018; Gkikas et al., 2018; Klingmüller et al., 2019). Nevertheless, the literature focused on the impact of the spatial resolution on the modeled dust intrusion is limited. Meanwhile, works assessing the added value of increasing the spatial resolution to several meteorological variables, that strongly impact on dust transport and emissions, have been boosted in the last decade.

Although increasing the spatial resolution does not need to be associated per se with increased model skill, most studies focusing on thermal and hydrological regimes have found increased skills with increased resolution (Whetton et al., 2001; Kusunoki et al., 2006; Hohenegger et al., 2008). In particular, for precipitation using the Weather Research and Forecasting (WRF) Model, Rasmussen et al. (2011) investigated different model resolutions, concluding that a horizontal resolution of 6 km or less allows to provide an accurate representation the spatial variability in winter in Colorado. Similar results were obtained by Prein et al. (2013). Pieri et al. (2015) demonstrated that the finer resolution is able to reduce the precipitation overestimation in WRF caused by an overrepresentation of convective events. However, Chan et al. (2014) pointed out that the added value of high resolution in precipitation fields in regional climate simulations remains unclear. These authors revealed that only a clear added value is found for accumulation periods shorter than the daily time scale over the southern United Kingdom.

In addition, dust modeling is highly dependent on wind estimations, therefore having an accurate representation of winds becomes essential. In this sense, Santos-Alamillos et al. (2013) found a much higher trend in the error of wind estimation using the WRF model with coarser spatial resolution. Hence, a finer resolution is expected to lead to more accurate dust modeling simulations. Pryor et al. (2012) showed that the influence of model resolution is more relevant in the wind extremes than in the central tendency. Also, larger changes of winds were observed at the lowest model level as model resolution increases. Moreover, Pryor et al. (2012) also demonstrated that increasing the spatial resolution increases the variability of the synoptic- and meso-scales, which not necessarily implies a better agreement with the observations. On the other hand, several studies showed that decreasing grid spacing produces more realistic mesoscale structures (Mass et al., 2002; Rauscher et al., 2010) and convection situations (Braun and Tao, 2000) when increasing resolution.

Regarding dust emissions, Liu and Westphal (2001) evaluate the dependence of dust production on model grid-space resolution using a dust emission model embedded in a mesoscale meteorological model and found a positive bias in wind speed that decreases as resolution increases, as estimated dust fluxes.

Henceforth, this work tries to shed some light on the sensitivity of dust modeling to the horizontal spatial resolution over the Mediterranean Basin and Central Europe using the online integrated meteorological-chemical model WRF-Chem. This model allows an online representation of ARI and ACI, thus meteorological variables are affected by aerosol effects. This will also affect the dust emissions and chemical transport.



2. DATA AND METHODS

The strategy for assessing the role of the spatial resolution for dust modeling consists on on-line simulations of aerosols and meteorology (ARI and ACI). We focused on a typical desert dust transport episode (described in section 2.1) affecting the Mediterranean Basin and Central Europe, where different types of aerosol (particularly dust) are together producing a high impact on air quality and aerosol load (Millán et al., 1997; Pérez et al., 2004; Querol et al., 2009; Papadimas et al., 2012).


2.1. Case Study: 1st–9th July 2015

As mentioned above, the impact of the spatial resolution on dust modeling is evaluated here for a typical episode of dust transport from the Sahara over the Mediterranean region and Central Europe. The episode covering 1st to 9th of July, 2015 has been selected as representative of these situations.

Figure 2 displays the synoptic situation averaging daily fields during the complete period of the geopotential height (colors), wind direction (white arrows) and the sea-level pressure (SLP, contours) using ERA5 data. This episode presents a typical omega-blocking situation with low pressure over western England. This situation induces the penetration of warm air and dust from northwestern Africa toward northern Europe crossing the western Mediterranean Sea (Nabat et al., 2015). On the 3rd of July, 2015 a tongue of warm air reaches the Scandinavian Peninsula covering most of the European continent. After that, the omega-blocking situation weakens and warm air moves back toward the south concentrated over the western Mediterranean region in a cyclonic circulation. During the end of this episode zonal winds dominate over central Europe carrying atmospheric dust toward the Balkan Peninsula.

This episode represents a dust transport situation over the Iberian Peninsula and the Mediterranean Sea similar to those classified as “North African High Located at Upper Levels” (NAH-A) and “Atlantic Depression” (AD) by Escudero et al. (2005). In this case, Atlantic low is displaced to the north, avoiding wet depositions. As described in Rodríguez et al. (2001) and Escudero et al. (2005), this type of episodes is characterized by strong convective vertical injection of dust over the Sahara, which are transported north toward the Atlantic zone or the Iberian Peninsula and the Mediterranean Sea. NAH-A is the type of outbreak predominant over the Iberian Peninsula, and accounted for 46% of summer situations in this area (Escudero et al., 2005). The selected episode for this study clearly captures these transport patterns caused by the omega blocking, with dust fluxes penetrating from northwestern Africa to the Iberian Peninsula, the Mediterranean Sea and Central Europe.



2.2. Model Setup

Simulations are conducted by WRF-Chem (Grell et al., 2005) version 3.9.1.1. since it is a fully online coupled model and permits the simulations of emissions, transport, mixing and chemical transformation of trace gases and aerosols simultaneously with the meteorology and, thus, includes the treatment of ARI and ACI.

In order to inspect the impacts of the spatial resolution, three simulations have been run. The first simulation encompasses domain D1 (blanked domain in Figure 1) which covers the region 10–72°N and 25°W-45°E with 1.32° spatial resolution. In this simulation lateral boundary conditions are provided by the reanalysis data. This region extends further south in order to capture the total desert dust emissions from the Sahara Desert located around 15°N (Goudie and Middleton, 2001, 2006; Middleton and Goudie, 2001). For the second simulation the spatial resolution increases to 0.44° using an one-way nested domain located at ~27°–72°N and 22°W-45°E (gray scale in Figure 1) with complaining EuroCORDEX domain standards (Jacob et al., 2014). In the third simulation, the domain (D3) is focused on the target area and covers the Mediterranean Basin between 27–58°N and 10°W–40°E (inner domain in Figure 1) with the finest resolution of ~0.11°, as this represent the finest target resolution in EuroCORDEX. All the domains have been run by using one-way nesting with a 1:3 ratio with respect to the larger domain. Thus, the D2 boundaries come from the largest domain (D1) and the finest domain boundaries (D3) come from D2, which ensures an appropriate representation of desert dust emissions and transport through the boundaries. Moreover, a finer resolution simulation has not been carried out, because this would imply convection processes to be solved explicitly (convection is parameterized in D1, D2, and D3), and hence changes observed in finer resolution could not be attributed to the modified resolution, hampering the analysis.
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FIGURE 1. Orography and boundaries of the simulated domains at 1.32°, 0.44°, and 0.11° horizontal spatial resolutions.
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FIGURE 2. Synoptic situation of Saharan desert dust outbreak between 1st and 9th of July 2015. Colors display geopotencial height in m at 750 hPa; white arrows, wind direction at the same pressure level; and gray lines, the sea level pressure (SLP) in hPa.


The model physics configuration consisted on: Morrison microphysics (Morrison et al., 2009); the Rapid Radiative Transfer Model (RRTM) short and long wave radiation schemes (Iacono et al., 2008); the Yonsei University (YSU) planetary boundary layer scheme (Hong et al., 2006); the Grell-Freitas ensemble cumulus scheme (Grell and Freitas, 2014) and the Noah soil option (Tewari et al., 2004).

Vertical resolution is 48 uneven layers with the highest resolution at the bottom of the atmosphere and the top at 50 hPa. The higher resolution at the bottom has been chosen with the objective of improving aerosol representation and processes which took place close to the Earth surface. This also improves the representation of the transport, in particular, in the boundary layer. Moreover, as these simulations include ARI and ACI, the RRTM longwave and shortwave schemes are mandatory and these parameterizations only work with the same vertical resolutions for the nested domains.

Meteorological initial and boundary conditions (BC) were provided by the ERA-Interim reanalysis (Dee et al., 2011) developed at the European Centre for Medium-Term Weather Forecast (ECMWF). This reanalysis has a 0.7° spatial resolution and BCs were updated every 6 h. Chemical BC are idealized gases and aerosol profile as WRF-Chem option.

The chemical configuration consisted on: the RACM-KPP gas-phase scheme (Stockwell et al., 2001; Geiger et al., 2003); the GOCART aerosol scheme (Ginoux et al., 2001; Chin et al., 2002); Fast-J (Fast et al., 2006) for the photolysis; dry deposition is estimated by Wesely (1989) and wet deposition is also calculated with grid-scale wet deposition.

Anthropogenic emissions come from the EDGAR-HTAP project (Janssens-Maenhout et al., 2012, http://edgar.jrc.ec.europa.eu/htap.php) by country and sector with a spatial resolution of 0.1°. This project compiled a global emission dataset with annual official or scientific inventories at the national or regional scale for CH4, NMVOC, CO, SO2, NOx, NH3, PM10, PM2.5, black carbon and organic carbon and covering the period 2000–2005. The EDGAR-HTAPv2 emissions were pre-processed by Freitas et al. (2011). Biomass burning emission data have been calculated from global fire emission data supplying by the Integrated Monitoring and Modeling System for wild land fires (IS4FIRES, Sofiev et al., 2009; Soares et al., 2015) with 0.1° spatial resolution. WRF-Chem emission species have been calculated by chemical speciation following Andreae and Merlet (2001) and Wiedinmyer et al. (2011); and plume rise calculation were online estimated by WRF-Chem.

Biogenic emissions are based on the Model of Emissions of Gases and Aerosols from Nature model (Guenther et al., 2006, MEGAN) which is online coupled with WRF-Chem and makes use of simulated temperature and solar radiation. Finally, dust (Ginoux et al., 2001) and sea salt GOCART (Goddard Global Ozone Chemistry Aerosol Radiation and Transport model, Chin et al., 2002) emissions were online estimated by WRF-Chem.

The dust flux in GOCART is estimated as follows:
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where C is a dimensional factor equal to 1 μg s2 m−1; S is the source function of dust (which establishes the probability to have accumulated sediments depending on the altitude); u10m is the horizontal wind speed at 10 m; ut is the threshold wind velocity (which depends on surface wetness, the particle diameter, the acceleration of gravity and the particle and air density); and sp is the fraction of each size class established in 0.1 for the class 0.1–1 μm and 1/3 for the classes 1–1.8 μm, 1.8–3 μm, and 3–6 μm, respectively (Ginoux et al., 2001).



2.3. Model Evaluation

The skill of the model to represent the aerosols load in the Mediterranean atmosphere is evaluted by comparing the modeled aerosol optical depth (AOD) against remote-sensing data at different wavelengths from MODIS (Moderate Resolution Imaging Spectroradiometer) and AERONET (Aerosol Robotic Network).

First, following Palacios-Peña et al. (2019), satellite AOD at 550 nm has been taken from an hourly combination of data from the twin MODIS sensors: Terra (MOD04_L2) and Aqua (MYD04_L2). These are the Level 2 of the Atmospheric Aerosol Product of Collection 6 (C6) with a resolution of ~10 km which were estimated by two different algorithms: Dark Target (DT) and Deep Blue (DB). This satellite product has been widely evaluated (Sayer et al., 2014; Mhawish et al., 2017; Bilal et al., 2018) establishing a high percentage of retrievals within the estimated error (EE) of the DT and DB algorithms, which is (±0.05 + 15%) (Levy et al., 2013).

In addition, for a more robust validation, AOD at 675 nm has also been evaluated by using available data from AERONET stations within the target domain. Data has been taken from Level 2.0, which presents an error, under cloud-free conditions, of < ± 0.01 for λ > 440 nm and < ± 0.02 for shorter wavelengths (Holben et al., 1998). Instantaneous ship-borne AOD measurements from the Maritime Aerosol Network (MAN) has been also used. In this case, as for MODIS, AOD at 550 nm is used. As this network is associated with AERONET and uses its standards, AOD uncertainty is < ± 0.02 (Smirnov et al., 2009). Further details on the evaluation of the model using MODIS, MAN and AERONET can be found in Palacios-Peña et al. (2018) and Palacios-Peña et al. (2019).

Finally, atmospheric variables are validated by comparing against ERA5 reanalysis (C3S, 2019). This database covers the Earth on a 30 km horizontal grid using 137 vertical levels from the surface up to a height of 80 km and provides hourly estimates of a large number of atmospheric, land and oceanic climate variables, currently from 1979 to within 3 months of real time. The assessed atmospheric variables from ERA5 are geopotential height (Z), wind speed (WS), relative humidity (RH) and the sea-level pressure (SLP).




3. RESULTS AND DISCUSSION


3.1. Are Simulations Skillful for Representing Desert Dust Outbreaks?

In this section, the aerosol optical depth is evaluated. AOD at 550 nm is compared against data from the satellite instrument MODIS and from the instantaneous measurement of the MAN network. In addition, AOD at 675 nm is compared against data from AERONET stations.

Figure 3A displays AOD at 550 nm from MODIS (shadow), from the MAN network (magenta diamonds) and AOD at 675 nm from AERONET (circles). MAN data are instantaneous measurements from a boat between 5th and 9th July 2015. Values estimated by satellite (temporal and spatial mean of 0.22) are lower than those measured by AERONET stations (mean of 0.15) but this might be ascribed to the different wavelength used for MODIS (550 nm) and AERONET (675 nm). The AOD is higher than 0.4 over the western Mediterranean Basin (east of the Iberian Peninsula and Mediterranean coast of Italy) and central Europe (Germany). These high AOD values are caused by a vast desert dust outbreak which took part during the target period. Besides, this type of desert dust outbreak is associated with an anticyclonic situation over the Iberian Peninsula producing a intense vertical injection over the Saharan desert, transporting a high concentration of particles aloft in an air mass nothern Africa, affecting the Mediterranean Sea (Prospero, 1996; Alfaro et al., 1998; Rodríguez et al., 2001; Escudero et al., 2005).
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FIGURE 3. Aerosol optical properties evaluation. (A) AOD (550 nm) from satellite (shadow), MAN network (diamonds) and AOD (675 nm) from AERONET (points). In second and third columns show the same as first but for: (B) MBE and (C) MAE. Top, the coarsest resolution (1.32°), center (0.44°), and bottom (0.11°), the finest resolution.


Moreover, also high values are found over northern Germany, the Po valley and eastern Ukraine, which could be attributed to forest fires over these areas. It is noticeable that some forest fires also took place in the eastern Iberian Peninsula during this period. On the other hand, over the eastern Mediterranean Basin, observations point to lower values but over 0.1, which may be due to the dust transport but with a lower load than over the western part of the target domain. Negligible values are measured over the western parts of the Iberian Peninsula and France.

The optical properties are evaluated by computing the Mean Bias Error (MBE) and the Mean Absolute Error (MAE) of the simulations with different resolution when compared against MODIS, AERONET and MAN data (Figure 3 second and third column). Overall, AOD errors decrease as spatial resolution increases. MAE values evidence this behavior. The temporal and spatial mean of MAE computed with MODIS (AERONET) is 0.26 (0.19) for the coarsest resolution (1.32°) simulation, 0.19 (0.20) for medium resolution (0.44°) and 0.16 (0.12) for the finest horizontal resolution (0.11°).

The coarsest-resolution simulation (1.32°) overestimates AOD values over the southwestern part of the target area due to the overestimation in the load of the dust outbreaks, which reaches values higher than 0.4 over most of the Mediterranean Basin. This is also evident when AOD is evaluated against AERONET stations in the western Mediterranean (Spanish and Italian coasts). However, AOD values over central and eastern Europe are underestimated when comparing with MODIS observations. Over Germany, MBE reaches values around 0.4 but the comparison with AERONET stations shows a weaker underestimation. MBEs are negligible over the eastern Mediterranean and the areas around the Bay of Biscay. Regarding MAE, higher values are above 0.4 over the southwest part of the domain, matching with the overestimation of AOD values caused by desert dust.

In the medium-resolution simulation (0.44°) the overestimation over the southwest of the target domain and the western Mediterranean Basin remains similar to the coarsest-resolution simulation, but with lower error values (MBE between 0.2 and 0.4). MBE > 0.4 are found over the Alps, southwestern Iberian Peninsula and areas close to the Saharan dust emissions. The overestimation over the Balkan Peninsula is noticeable, with MBE values around 0.2 which did not exist in the coarsest simulation. Nevertheless, underestimation remains similar to the coarsest domain, reaching values around 0.4 over northern Germany. In this case, a weak underestimation, with MBE close to 0, is found over the eastern part of the domain, particularly over the eastern Mediterranean Basin. Regarding MAE, values above 0.4 are hardly found over the domain. Only the Alps, the north of Germany, the southwest of the Iberian Peninsula and the areas close to the desert reach these values. Over the central and western Mediterranean Basin MAE is around 0.25 and over the Atlantic and the north of the target area values are close to 0.

Finally, the finest-resolution simulation (0.11°) displays a really different behavior. While the coarser-resolution domains showed an strong overestimation due to Sahara dust, simulations with this resolution are more in agreement with observation, with negligible errors over large areas. The resolution in this simulation corrects the overestimation in coarser-resolution simulations, with errors close to 0 here (Figure 3C), with MAE of 0.16 (MODIS) and 0.12 (AERONET). Two facts should be highlighted: (1) although weaker, the underestimation of AOD over the north of Germany still remains; and (2) there is a weak underestimation of AOD over the central and western Mediterranean.

This disagreement between the evaluation of the representation of AOD over the Mediterranean could be ascribed to a different transport pattern represented with different resolution. Higher spatial resolution involves further details iwhen solving the local circulation patters and the transport of Saharan dust to the Mediterranean Basin and Central Europe. The causes for the different transport patterns seen in the diverse simulations are explored in the next subsection.



3.2. Attributing the Factors Causing Differences in AOD Representation

In the section 3.1 the role of the spatial resolution in representing more accurate AOD values has been demonstrated by lower biases and errors when running simulations at 0.11° resolution. As pointed out by Rauscher et al. (2010), there are three main factors why model's performance can depend on horizontal resolution: (1) a higher resolution is able to capture fine scale forcings such as topography and land use; (2) physical parameterizations depend on the model grid size as well the time step interval; and (3) more complex is the role that spatial resolution plays to better represent physical interactions between different spatial-temporal scales that may affect to the dynamical structure of weather systems or major circulation features.

Henceforth, in this subsection we will try to attribute (or, at least, to disentangle) the causes behind the modifications of the transport patterns when modifying the horizontal resolution in dust simulations. We will explore those causes altering long-range transport (dynamical causes) but also local/thermodynamic (relative humidity, changes in aerosol mass or size distribution) causes that may affect AOD in the target domain.


3.2.1. Exploring Dynamical Causes

Here, we inspect whether the AOD improvement in the finest-resolution simulation (D3) comes as a consequence of changes in the transport patterns provoked by dynamical causes. Figure 4 displays daily SLP differences between ERA5 and simulations at different resolutions. At the beginning of the episode, the simulations underestimate the SLP over 60N and slightly overestimate the pressures over northern Africa. These biases decrease with the increase of the resolution. On 5th July 2015, the SLP overestimation is extended over southern Europe. At the end of the episode, the coarse resolution simulation underestimates the SLP over western Europe, the medium resolution simulation overestimates the SLP over the northwestern part of the domain and the differences are negligible in the higher resolution simulation. These discrepancies in the SLP are also related with the disagreement in Z750. The simulation is unable to capture the omega blocking and the ridge is weakened in all resolutions.


[image: Figure 4]
FIGURE 4. Daily SLP differences between ERA5 and simulations at different resolutions: top row, at 1.32°; second, at 0.44°; and at 0.11° in third row. Selected days are 3rd, 5th, and 7th of July (left, center, and right, respectively).


Since the dust transport is mainly produced aloft, at around 750 hPa (Nabat et al., 2015), we focus on the analysis of wind speed at that pressure level, and this variable is validated using ERA5 reanalysis. In Figure 5 the wind speed bias is depicted in colors and arrows represent the wind direction from ERA5 (black) and modeled for each resolution (green).


[image: Figure 5]
FIGURE 5. Daily wind speed differences between ERA5 and simulations at different resolutions at 1.32° (first row), at 0.44° (second row); and at 0.11° (third row) during 3rd, 5th, and 7th of July (left, center, and right, respectively). Wind speed bias is depicted in colors and arrows represent the wind direction from ERA5 (black) and modeled (green).


The simulations (regardless the spatial resolutions) overestimate the wind speed, resulting in a stronger warm advection than in ERA5 and inducing the dust transport from the Sahara to northern Europe. The differences in the wind direction highlight stronger zonal components in the simulated winds than in the ERA5 reanalysis. These differences in the wind directions account for the differences observed in Figure 6 for Z750. The southwestern winds lead the warm flow to reach higher latitudes in ERA5 than in the simulations where more intense zonal winds makes the warm air mass to concentrate more southern Europe. This could explain the underestimations of AOD over central Europe and the overestimation over the western Mediterranean in simulations D1 and D2.


[image: Figure 6]
FIGURE 6. Synoptic situation of Saharan desert dust outbreak. Selected days are 3rd, 5th, 7th July (left, center, and right, respectively). ERA5 at the top row and each resolution from the second (1.32°) to the bottom (0.11°). Colors display geopotential height in m at 750 hPa and gray lines, the sea level pressure (SLP) in hPa.


When the spatial resolution increases to 0.11°, wind speed biases slightly improve but wind direction significantly veers to be more in agreement with ERA5, which is more noticeable at the beginning of the episode. This behavior is also supported by the better representation of Z750 in the finer resolution (Figure 6).

There are two specific areas where the wind speed and direction differences are noticeable. At the beginning of the period, over the Baltic Sea, ERA5 shows winds from the south which are not represented by any of the simulations, no matter the resolution. Afterwards, wind veers to a more zonal direction and the simulations capture this change. However, a negative bias in the wind speed is found over this area at the end of the period. The other remarkable issue is the representation of winds over the central and western part of the Mediterranean. Over this area an overestimation of wind speed is found, which is stronger during the middle of the episode. In addition, the coarsest-resolution domain does not capture the wind direction acurately when compared to ERA5. Wind directions slightly improve with finer resolutions, in particular, at the beginning of the period. But later in the period, wind directions are not skilfully represented by any of the simulations. These facts over the Mediterranean could explain the misleading representation of AOD over the central Mediterranean, leading to an important underestimation in the area of the Gulf of Lyon in the finest resolution simulation (0.11°).

The better representationin the finer-resolution simulation of wind speed and direction is in agreement with Santos-Alamillos et al. (2013) work and is expected to generate a more accurate dust transport as also pointed out Liu and Westphal (2001).



3.2.2. Exploring Local-Thermodynamical Causes

Once the dynamical causes are established, we explore further the possible local causes behind the changes in AOD representation. Aerosol optical properties, as AOD, are computed by estimating a complex index of refraction function of the chemical components (Fast et al., 2006; Chapman et al., 2009; Barnard et al., 2010), in this case by the Maxwell-Garnett approximation (Bohren and Huffman, 1983) in each given size bin. Last, the composite aerosol optical properties are computed by the Mie theory and adding over all size bins using wet particles diameters. Thus, locally, AOD representation can be sensitive to: (1) aerosol mass; (2) size distribution and; (3) water uptake, which ultimately depends on the relative humidity (RH) (Palacios-Peña et al., 2017, 2018, 2019).

Figure 7 displays the temporal mean of RH for the target period at different pressure levels. First row shows ERA5 RH values. Near the surface (1000 hPa) high values (higher than 75%) are found over all the seas and the ocean, as well as the British Isles. Over the continent, RH values are lower (around 50%), particularly over the Iberian Peninsula and the north of Africa (bellow 25%). Aloft (850 and 750 hPa) RH values decrease when pressure increases. In detail, RH is low over the Mediterranean Sea, north of Africa and the Iberian Peninsula at both levels (below 40%). However, at 750 hPa a lower RH is found over central Europe and the south of the British Isles (below 50%). Figure 7, second, third and fourth rows show the differences of each simulations (D1, D2, and D3, respectively) against ERA5. At 1000 and 850 hPa, RH values over the north of the domain are overestimated and over the south are underestimated. However, these errors are lower for the simulation with the finest resolution (D3). At 750 hPa, RH values are overestimated over the northwest of the domain D1 but the other finer resolution simulation (D2) weakly underestimates RH values over that area. Moreover, this underestimation is the weakest for the finest resolution simulation (D3). Over the Balkans and the Anatolian Peninsula, RH values are underestimated but, again, this underestimation is weaker when the resolution increases.
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FIGURE 7. ERA5 relative humidity (RH) at 1000 hPa (left column), 850 hPa (middle column), and 750 hPa (right column) and the differences with each simulation at: second row, 1.32°; third, 0.44°; and fourth, 0.11°.


When compared with Figure 2, the spatial patterns of low RH are similar to the trajectory of warm and dusty air mass. That is, the decrease of RH in central Europe in the D3 simulations is strongly associated to the dry air mass coming from the Saharan desert during the target episode.

This fact above explained is also corroborated by the PM ratio (PM2.5/PM10). Figure 8 represents the PM ratio between PM2.5 and PM10 for the simulation at 1.32° and its differences with the finer resolution simulations. Low values of this ratiopoint to a prevalence of PM10 particles over PM2.5 and vice-versa for values close to 1. For the atmospheric pressure levels analyzed (1000, 850, and 750 hPa), PM ratios are low over the north of Africa and the western part of the Mediterranean Basin. This involves the prevalence of coarse dust particles. Over the eastern Mediterranean Basin and the south of Europe, PM ratio values are lower than 0.5 because these areas were affected by the dust outbreak either with a lower dust concentration or during a shorter period. Over central Europe and the British Isles, values are close to 1 indicating that most of particles are in the fine fraction (PM2.5). At 1000 hPa, PM ratio values over the North Sea are high because of coarse sea salt particles emitted from the ocean. When comparing the coarse-resolution domain (D1) with the 0.44° resolution simulation (D2), the PM ratio decreases over Central Europe, indicating a higher concentration of PM10 over this area than in the simulation for the coarse resolution. This behavior is similar at all the pressure levels considered. Over the southwestern and central Mediterranean, the PM ratio increases, which involves a lower concentration of coarse particles with respect to the fine fraction. The spatial pattern of differences in the finer-resolution domain (0.11°, D3) are similar to the 0.44° resolution simulation. In this case an important decrease of the PM ratio is found over the same areas and further north. Moreover the increase of the ratio over the western/central Mediterranean is now stronger.
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FIGURE 8. PM-ratio (PM2.5/PM10) at 1000 hPa (left column), 850 hPa (middle column), and 750 hPa (right column) of simulation at 1.32° (top). Second and third rows display differences between simulation at 1.32° and at 0.44° and at 0.11°, respectively.


Therefore, changes in relative humidity and size of the particles (which may affect AOD) are not produced by local thermodynamic causes, but strongly depend on the long-range transport conditioning the local values of those variables.





4. CONCLUSION

In this study the impacts of the spatial resolution on the dust representation by the WRF-Chem online model were evaluated by comparing the simulated AOD against MODIS and AERONET. This observation evaluation revealed an improvement in simulated AOD when resolution becomes finer, specially over the area affected by the Saharan dust. Over this area, the simulation with the finest resolution shows negligible error values over large parts of the target domain.

The discrepancies between resolutions could be, a priori, attributed to both thermodynamics or dynamic changes, since AOD is sensitive to aerosol mass, size distribution and water uptake. Due to the mass conservation principle in models, aerosol mass coming from the boundaries conditions must be preserved, so, aerosol mass cannot vary between domains. Thus, changes in RH, on which aerosol water uptake depends, and aerosol size distribution between different resolutions were evaluated. These variables present divergence between simulations but these differences do not represent a local impact due to the increase of the resolution because they are consequence of changes in the long-range transport pattern.

Henceforth, the changes in AOD come from the limitations in the representation of the model dynamics. In order to evaluate this issue, wind speed and direction, geopotential height and SLP were analyzed. The finer resolution is able to improve the wind direction injecting the warm air from the Sahara Desert to higher latitudes over Europe at the beginning of the episode. When the spatial resolution increases, SLP underestimation decreases allowing to better capture the omega-blocking situation. Thus, this study evidences the influence of resolution in long-range desert dust transport and its value in the correct simulation of this type of extreme episodes of dust load over the Mediterranean area and Central Europe. Therefore, the changes observed between different domain resolutions can be mainly attributed to a better representation of the dynamical patterns. The improvement of certain circulation features as spatial resolution increases has been demonstrated in previous works covering the Atlantic intertropical convergence zone (e.g., Rauscher et al., 2006), or when representing tropical storms (Oouchi et al., 2006) or monsoon circulations (Stephenson et al., 1998; Gao et al., 2006).

Concluding, increasing the spatial resolution improves the representation of variables associated with dust, such as AOD. RH representation, whom AOD is particularly sensitive, also improve. All of these changes are consequence of an improvement in the representation of dynamical processes in regional meteorological/climate models when increasing the horizontal resolution.

The conclusion found in this is study could be relevant for dust forecasting however further studies are needed using larger ensembles of dust simulations. For instance, the use of different parameterizations, the assessment of different study cases or the model response to convective permitting resolutions are key issues to assess for the improvement of dust modeling.
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