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Abstract

:

El Niño/Southern Oscillation (ENSO) events produce anomalous oceanographic and atmospheric conditions in regions far from the equatorial central-eastern Pacific, which modulate the atmospheric and surface processes that influence the dust emission, transport, and deposition in many places on Earth. In this study, we examined the MERRA-2 dust column mass density data in five subregions of the “dust belt”: eastern and western Arabian Peninsula, western and eastern Central Asia, and North Africa-Sahara during 1980–2021. We discovered that, while there is a common dust season from April to July, the specific dust seasons in these subregions are different with the peaks of dust activity occurring at different times of the year. In the meantime, the modulating effects of ENSO also peak at different times within the respective dust seasons. For example, ENSO has a persistent effect on dust activity during April-August in the eastern Arabian Peninsula, while its influence in eastern Central Asia lasts from February to November. For different well-recognized factors of dust activities, such as precipitation/humidity, wind, vegetation, and soil moisture, their responses to ENSO are also different in these subregions. For precipitation, humidity, and soil moisture, their responses to ENSO are mostly positive in winter and spring/early summer months during El Niño years, while mean daily maximum wind responded positively in spring, but it did so negatively in summer. During the three months when the ENSO’s effects were strongest, these factors could explain 25.1–58.6% of the variance in the dust column mass density in combination with the ENSO’s modulation effects. However, the highest model-explained variance was obtained for the North Africa–Sahara subregion where the intensity of dust activity was not statistically correlated with ENSO.
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1. Introduction


Globally, the dust cycle links and affects many facets of the Earth’s climate. Dust aerosols can have significant impacts on regional and even global climates. For example, dust aerosols may modulate the Asian monsoon circulations by weakening the land-ocean thermal contrast (e.g., [1,2,3]), and influencing the precipitation, the cloud characteristics, and the energy budget of the Earth by acting as condensation nuclei [4,5,6]. They may travel long distances to have impacts on the global biogeochemical cycles (e.g., [7,8]) and impact human health [9,10,11,12]. The “dust belt”, referring to an arid and semi-arid region stretching from the west coast of North Africa to East Asia [13,14], is considered the largest source of mineral dust aerosol on Earth (Figure 1). The “dust belt” contains many of the large deserts of the world and it is known for frequent dust storms that are associated with strong winds and poor vegetation cover [13]. Because of its vast size, the “dust belt” is located in multiple climate zones with different atmospheric processes and circulation patterns, vegetation types, and topographic features. Therefore, different patterns of dust distribution and transportation pathways are often seen in the major dust events originating from this region [13].



El Nino Southern Oscillation (ENSO) is a large-scale anomalous condition that is associated with the sea surface temperature (SST) anomalies in the central-eastern equatorial Pacific [15]. ENSO is known to impact the weather patterns in many different regions all over the globe through teleconnections of the El Niño (EN) and La Niña (LN) phases [16,17], including affecting dust activities in various regions within the “dust belt”, such as the Arabian Peninsula [18], North Africa [19], Central Asia [20,21], and northwestern China [22]. Recently, Huang et al. [23] found a negative correlation between the winter NINO3.4 Index and the mean dust column content during the following spring and summer months in a large region inside the “dust belt”, and named it as the Key Region, which stretches from northeastern Africa to the Arabian Peninsula, to Central Asia (5–48° N, 26–76° E) (Figure 1). Their results indicated that the dust activities decrease in the summer following the most intense El Nino months (November through January) and enhance in the summer following the La Nina winter [23]. While these results were confirmed in another recent study [24], previous studies have found that the dust activities in this Key Region can be highly variable, both spatially and temporally (e.g., [18,25,26,27]), and they are associated with complex synoptic-scale processes that are often not in sync within this large region [28,29]. Even the Arabian Peninsula was considered to be too large due to a significant amount of internal variation in the rainfall patterns [18] considering the high degree of spatial and temporal variability in rainfall [30,31,32,33] since it is treated as a major factor of the spatial variation of the dust emission and the settlement processes. On the other hand, both the atmospheric and surface processes may have different patterns of seasonality, which are governed by the seasonal shifts of the planetary wind belts. At the synoptic scale, a high surface wind speed can significantly enhance the amount of dust emission and its transport [28,29,34], which may be related to extratropical cyclonic activities in winter and spring, covering areas with linear dimensions of 1000–2000 km [35], or intense convective storms in late spring and summer that have much smaller dimensions [28,36,37]. For example, a recent study [38] examined the dust storm events over Saudi Arabia in relation to the weather patterns and discovered that there were more dust storms in the years with lower temperatures, which is especially associated with westerly winds from the Sahara Desert. Additionally, some studies (e.g., [39,40]) identified that the northwesterly or northerly winds are a major cause of dust emission over the Arabian Peninsula and Iran-Pakistan-Afghanistan regions, respectively, while others such as Ackerman and Cox [41] have attributed the southerly winds as the main cause for the dust emission in the Oman region. More specifically, the dust events in the Middle East region have been linked to the Shamal winds during summer [28,30]. Besides the weather conditions, the surface conditions, especially the amount of vegetation cover and soil moisture levels, may also play important roles in dust emission and its settlement processes [42,43,44], while both vegetation cover and soil moisture are regulated by the amount of antecedent and concurrent precipitation [45].
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Figure 1. MERRA-2 long-term mean dust column mass density (unit: kg m−2) during January 1980 to December 2021. Data were obtained from NASA GIOVANNI in GEOTIFF format (https://giovanni.gsfc.nasa.gov/giovanni/#service=TmAvMp&starttime=1980-01-01T00:00:00Z&endtime=2021-12-31T23:59:59Z&data=M2TMNXAER_5_12_4_DUCMASS (accessed on 11 August 2022)). The black box is the Key Region (5–48° N, 26–76° E) which was defined in Huang et al. [23]. 
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Dust activities in arid and semi-arid regions are influenced by many factors. Numerous previous studies have examined the contributions of these factors to the dust activities in different regions. For example, wind is often considered the direct forcing mechanism of dust emission, suspension, and transport (e.g., [46,47,48,49]), while precipitation is the major factor limiting the dust activities by causing the wet deposition of it and providing moisture to enhance the amount of vegetation cover and increase the cohesion or crusting of the surface soil or sediment [47]. Atmospheric humidity is closely related to the precipitation process, and it is also a factor in cloud formation and wet deposition processes by utilizing dust aerosols as the condensation nuclei [50]. Therefore, it was suggested that both the wind speed and the relative humidity should be considered in estimating the dust aerosol emission in semi-arid regions [32]. For the bare ground surfaces, wet soils have higher cohesion between the mineral particles than dry soils do, which reduces the dust emission [51]. In the meantime, vegetation shields the underneath soil/sediment from direct wind stress and, therefore, reduces dust emission [52,53], and this effect tends to vary at a much longer time scale (from weeks to months) than the variation in the soil moisture (from hours to days) [51]. For large regions, the satellite-based normalized difference vegetation index (NDVI) has been used frequently to represent the degree of vegetation cover or above-ground biomass [54,55]. A recent study [56] examined the dust variation patterns in several Middle Eastern countries and used the NDVI to represent the vegetation conditions, while another, ref. [44], used the 16-day NDVI time-series data to correlate with the aerosol optical depth (AOD) data and observed an inverse relationship between the two series.



Since both the dust activity and its potential influencing factors vary significantly within the “dust belt”, there is a need to examine the internal differences in the relationship between dust activity and ENSO. In this current study, we divide the Key Region in Huang et al. [23] into subregions to analyze the spatial and temporal variations in the dust activity and its relationship with the ENSO cycle. For these subregions, we hope to identify different sets of influential factors of the dust activity, which are the main mechanisms that connect the ENSO cycle and local weather and surface conditions, and thereby further our understanding of the impacts of the ENSO cycle on the dust aerosol processes.




2. Data and Methods


2.1. Study Region


Huang et al. [23] indicated that the dust column mass density, wind fields, precipitation, and the surface conditions (soil moisture and vegetation) responded differently to ENSO in various parts within the Key Region. Since the previous studies found that there were significant variations in the dust activity within the Arabian Peninsula [18] and the eastern Arabian Peninsula is an area of unique characteristics in terms of its dust activities [43,57] and it seemed to be especially impacted by the ENSO cycle [23], we first divided the entire Peninsula into the Eastern Arabian Peninsula (EAP, 12–27° N, 48–60° E) and the Western Arabian Peninsula (WAP, 12–32° N, 34–48° E) (Figure 2). In the north of the Arabian Peninsula is Central Asia, and we divided this also into the western and eastern parts: Central Asia West (CAW, 3048° N, 26–51° E, including parts of Eastern Europe), and Central Asia East (CAE, 30–48° N, 51–76° E), which are separated by the Caspian Sea (Figure 2). We also included the Sahara Desert of North Africa (NAS, 1230° N, 10° W–34° E) for the purpose of comparison (Figure 2), whose dust activity is most intense (Figure 1), but does not appear to be modulated by the ENSO cycle as the dust mass density in NAS was above normal during both El Niño and La Niña events [23]. On the other hand, Li et al. [24] indicated a significant association between the surface dust concentration across North Africa and the Southern Oscillation Index (SOI), with there being high dust concentrations during the La Niña months.




2.2. Data and Methods


In the past, conducting studies on dust events was extremely difficult for large regions due to the lack of observations in the sparsely populated areas. Since the 1980s, satellite-based observations have become widely available, especially with the deployment of moderate resolution, wide-swath sensors such as the Advanced Very High Resolution Radiometer [58] and Moderate Resolution Imaging Spectroradiometer (MODIS) [59]. The MODIS program can provide a daily-to-weekly coverage of the repeated measurements of AOD that have significantly improved the capability of the continuous monitoring of the dust aerosol concentrations in the atmosphere and the surface conditions across large regions on Earth [60]. To remediate the temporal and spatial gaps in the satellite and the ground-based observational data, the MERRA-2 dataset integrates the satellite and ground observations with the modeled estimates and contains various measures of the aerosol concentrations [61]. An extensive evaluation of the MERRA-2 data against the satellite- and ground-based dust aerosol data was performed by Huang et al. [23]. It was concluded that the MERRA-2 dust aerosol data are robust and representative of the atmospheric dust AOD conditions (Supplementary Information of Huang et al. [23]). The MERRA-2 data have been used in many recent studies of the interannual variability of the dust aerosols (e.g., [24,62,63,64,65]). Following these studies, we mainly used the MERRA-2 monthly dust column content (mass density in kg m−2) with a spatial resolution of 0.5 × 0.625 latitude and longitude as the area-averaged time series for all gridded values within the specific subregions from 1980 to 2021 to represent the intensity of the dust activity. The MERRA-2 data can be obtained from the Goddard Earth Sciences Data and Information Service Center’s Interactive Online Visualization and Analysis Infrastructure (Giovanni) website of NASA (https://giovanni.gsfc.nasa.gov/giovanni/ (accessed on 31 March 2022)).



To characterize the ENSO cycle, we identified the years in which there were EN and LN conditions using the Oceanic NINO Index (ONI) (https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php (access on 24 April 2022)), which is based on the 3-month moving averages of the Extended Reconstructed Sea Surface Temperature anomalies (ERSST, ref. [66], available from the Climate Prediction Center of NOAA at https://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/detrend.nino34.ascii.txt (accessed on 24 April 2022)) in the NINO3.4 region (5° N–5° S, 120–170° W) of the central-eastern equatorial Pacific [15] during 1980–2021 to match the MERRA-2 dust column mass density data (Figure 3). In other words, the January ONI is equivalent to the 3-month averages of the ERSST-based NINO3.4 index for the months December, January, and February (DJF) and, therefore, it is noted as ONI_DJF in the following. For the analyses of the major factors of the dust activity, such as precipitation and wind, we used the entire monthly ONI_DJF series which dated back to 1950 (standard deviation = 1.02). For these monthly time-series, when the ONI_DJF value was greater than 1.0 (lower than −1.0), then all the months of the entire year from January to December were classified as the EN (LN) condition, while the other months were classified as the normal condition (N).



In this study, we first identified the dust seasons in these subregions based on the long-term means of the MERRA-2 dust column mass density and their monthly contributions to the annual total. We determined the seasonality by calculating the long-term means by the months for the MERRA-2 monthly dust column mass density time-series. Then, we calculated the anomalies from the monthly means for all the subregions by removing the seasonality component (long-term monthly averages during 1980–2021). A One-Way ANOVA [67] was used to compare the group means of the dust mass density anomaly series for the EN, LN, and normal conditions for the subregions, which was also confirmed by the non-parametric test for multiple comparisons, the Kruskal–Wallis H test or the One-Way ANOVA on ranks [67]. The Tukey’s studentized range test, which is also known as the Tukey–Kramer test [68,69] or the Tukey’s HSD test, was used to determine the statistical significance of all of the pairwise comparisons of the group means.



Then, we attempted to establish the linkages between the ENSO cycle and the monthly and seasonal dust column mass density series of the subregions. A Spearman’s rank correlation was chosen over the Pearson’s correlation to avoid the potential issues that are related to the non-linearity or the small sample sizes of the variables that are involved [70]. By doing so, we hope to identify the months/seasons when the impact of ENSO was most prominent for a given subregion. To explain such linkages, we also analyzed the relationships between ENSO and the major factors of the dust activity, including precipitation, humidity, surface wind speed, soil moisture, and vegetation conditions that are represented by the NDVI. Whenever possible, we used the full data records (up to 1950–2021) to enhance the robustness of the statistical analysis results. We further focused on the months when the ENSO’s modulation effects were most pronounced on the dust column mass density in each subregion. To examine the combined effects of multiple factors, we used the stepwise multiple linear regression analysis [71] with the criterion for a variable to enter the model being set at the 0.1 significance level because we aimed to avoid missing any of the important factors in this analysis. In the correlation and regression analyses involving ONI_DJF, we used the 3-month mean series of the dust mass density and the major factors to match the way in which ONI was obtained from the original SST data. All of the statistical analyses were performed using IBM SPSS version 28.0, while the maps were produced using ArcGIS Pro version 2.8 (ESRI, Redlands, CA, USA), unless they are noted otherwise.



For most of the meteorological variables that are mentioned above, we used the ERA v5 reanalysis data (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5/ (access on 11 August 2022)), which were extracted from KNMI Climate Explorer (https://climexp.knmi.nl/start.cgi (access on 11 August 2022)) to generate the monthly time series for the subregions during 1950–2021. KNMI Climate Explorer is a climatic data dissemination site and a web-based analytical tool that is maintained by the Royal Netherlands Meteorological Institute, the Dutch National Weather Service (https://www.knmi.nl/over-het-knmi/about (accessed on 11 August 2022)). Because of its extensive data collection and analytical capability, it has been used in many previous studies for a variety of temporal and spatial analyses [72]. Table 1 lists the variables representing the major factors of the dust activity, which are considered in this study and the respective data sources. It is noted that the MERRA-2 dataset does not provide the NDVI or vegetation data (such as the leaf area index or LAI) with interannual variations. Therefore, we used the monthly NOAA/NCEI CDR NDVI data with a 0.1° spatial resolution since 1981, which was home-processed by KNMI (http://climexp.knmi.nl/select.cgi?ndvi_noaa_01 (accessed on 20 September 2022)).





3. Results


3.1. Seasonality of Dust Activities in Subregions


Figure 4 shows the seasonal variation patterns of the dust column mass density in the subregions. In general, NAS has the highest dust mass density, which is followed by those of EAP and WAP. While April–July are the peak dust months for NAS, the EAP and WAP subregions both have similar seasonal variation patterns with peaks in the early summer (June–July). In contrast, the Central Asia subregions have peak values in mid- to late spring (April–May). In order to better characterize the season/months that contribute that most to the annual total dust mass density, we also calculated the mean monthly percentages (Table 2). Based on the monthly contributions to the annual totals, we identified the respective dust seasons for these subregions (Table 2). Then, we calculated Spearman’s rank correlations between ONI_DJF and the mean dust-season dust column mass density series by the subregions. Of the four subregions inside the Key Region, the dust–season mean dust mass density series were significantly correlated with ENSO for EAP, CAW, and CAE, all of which had negative rank correlations (rho values), while the dust activity in WAP and NAS did not have statistically significant correlations with ENSO at the 0.05 level (Table 2).




3.2. Intensities of Dust Activity during the EN, LN, and Normal Events


In order to determine whether the dust mass density values in the subregions were statistically different during the EN and LN years, we conducted a One-Way ANOVA on the monthly anomaly series, using the ENSO classification that is based on the ONI_DJF values, with 84 months of EN, 84 months of LN, and 336 months of normal conditions for a total of 504 months during 1980–2021 (42 years). For all of the subregions except NAS, the mean dust column mass density anomaly values were highest (most positive) during the LN condition, which were followed by those during the normal condition, and then, the EN means were the lowest ones (most negative) (Figure 5). The results of the One-Way ANOVA show that significant differences existed among the EN, normal, and LN group means, which were confirmed by the nonparametric Kruskal–Wallis H test (Table 3). The Tukey’s HSD test indicated that the comparisons between the EN vs. the LN and the EN vs. the normal conditions were statistically significant for all of the subregions except NAS, while those between the LN and the normal conditions were significant only for the CAE subregion at the 0.05 level. For the NAS subregion, there was no significant difference between any of the ENSO conditions (Table 3).




3.3. Correlations between ENSO and Dust Activity in Different Times of the Year


Although Table 2 shows that there are statistically significant correlations between the dust–season mean series of the dust mass density and ENSO, it is unclear how the modulation effects of ENSO are distributed between the different months or seasons. Since the ONI index is based on the 3-month moving averages of the monthly NINO3.4 index, we calculated the 3-month moving averages of the individual monthly dust mass density series, and then we correlated the 12 monthly series with the ONI_DJF series (Figure 6). For the EAP subregion, statistically significant correlations were found from the spring to summer months (from AMJ to JAS). The CAW subregion displayed a bi-modal pattern, with there being a peak during the early spring months (FMA) and another in the late summer/early fall months (JAS). The CAE subregion showed the most persistent relationship between ENSO and the dust activity, with there being statistically significant correlations from spring to fall (from FMA to SON), while the dust mass density series of WAP and NAS did not show any statistically significant correlation with ENSO across the year (Figure 6).




3.4. Mechanisms of the ENSO-Dust Linkages in Different Subregions


3.4.1. Precipitation and Humidity


Figure 7a shows the Spearman’s rank correlation coefficients between ONI_DJF and the 3-month precipitation series during 1950–2021 in the subregions to test the hypothesis that ENSO may affect the dust activities in these subregions by modulating the precipitation amount during different seasons of the year. Generally speaking, from winter to late summer, positive correlations existed between the ONI_DJF and the precipitation factor, suggesting that during the EN years, there tended to be more precipitation than there was during the LN years (Figure 7a). Among these subregions, CAE shows the strongest and most persistent linkage between ENSO and the precipitation factor. For EAP, the ENSO’s impact on precipitation during the late spring and summer months seems to partially explain the correlation between ENSO and the dust mass density (Figure 6) during the same time. For CAW, ENSO may have a weak moderation effect on the amount of precipitation in late spring to early summer (AMJ). For WAP and NAS, however, ENSO does not seem to have persistent or strong enough effects on precipitation to further affect the dust activity during or prior to the dust season (Figure 7a).



Figure 7b shows the rank correlations between ONI_DJF and the 3-month mean surface water vapor content. These relationships show similar patterns as the correlations between ONI_DJF and precipitation do (Figure 7a). For example, in both EAP and WAP, there are relatively strong positive correlations during the winter months, while the ENSO’s impacts continued into the late spring and summer months in EAP only. On the other hand, the ENSO cycle seems to have a persistent impact on the surface water vapor content in CAE, but not so in CAW. Again, the correlations became negative during the fall months. Since humidity is a character of a given air mass, while precipitation involves more complex cloud processes and surface interactions, the effects of ENSO’s modulation on the level of humidity appear to be more consistent than that on precipitation (Figure 7a).




3.4.2. Wind


Figure 8 shows the rank correlations between ONI_DJF and the 3-month mean daily maximum wind speed series in the subregions. It can be seen that significant negative correlations exist between the ONI and the mean daily maximum wind speed series during the late spring/early summer months (AMJJ) in the EAP subregion, while the strongest negative correlation is observed for the CAE subregion in summer (JJA). The negative correlations for WAP, CAW, and NAS are weaker in general. It is also interesting to note that the correlations between the ONI_DJF and the wind speed are mostly positive in winter, spring, and fall months, although they are not statistically significant (except for CAW during spring). No significant correlation was observed between ONI_DJF and the wind speed in the NAS subregion.




3.4.3. Vegetation and Soil Moisture


Figure 9a shows the Spearman’s correlations between ONI_DJF and the 3-month mean NDVI series. It has long been argued that vegetation cover is key to preventing dust emission in arid and semi-arid regions. However, this is only true in the CAE subregion where the vegetation cover seems to respond to the impacts of the ENSO cycle. In other words, while the vegetation remains an important factor of the dust activity (as shown later in Table 4), it does not show clear variation patterns which correspond to the modulation effects of ENSO in Figure 9a. On the other hand, the soil moisture’s responses to the ENSO’s impacts are more persistent in these subregions (Figure 9b), showing patterns that are similar to those between the ONI_DJF and the precipitation/humidity (Figure 7), with there being relatively strong positive correlations in winter, spring, and summer in EAP, CAW, and CAE, but no significant correlation was found in WAP and NAS. In general, during the EN years, the soil moisture conditions in all of the subregions were wetter than normal from winter to summer to some extent, especially for EAP, CAW, and CAE, while during the LN years, the soils were drier than they normally are during these months.




3.4.4. Combined Effects of Multiple Factors on Dust Activity


As stated earlier, we took an empirical approach to first establish the relationships between the intensity of dust activity in a given subregion with the ENSO cycle. Then, we examined the ENSO’s effects on the factors which are known to influence the dust emission, transport, and settlement processes within each subregion. Now, we would like to focus on such relationships during the dust season, especially for those months when the ENSO’s impacts are statistically significant during the respective dust seasons. To illustrate the combined effects of these factors on the dust activities in these subregions, we performed a multiple linear regression using the 3-month column dust mass density as the dependent variable when the correlation that it had with ONI_DJF was the highest within the dust season (Table 2 and Figure 6). For example, for the EAP subregion, the dust column mass density that was averaged during June–August (EAP_JJA) was selected as the dependent variable. Similarly, WAP_JAS (July–September), CAW_FMA (February–April), CAE_AMJ (April–June), and NAS_ASO (August–October) were selected as the dependent variables. Then, the amount of precipitation, the mean maximum daily wind speed, the NDVI, and the soil moisture level were averaged/summed for the same 3-month periods and used as the independent variables together with ONI_DJF. Since the humidity is highly correlated with precipitation, we did not use it in the regression analysis. On the other hand, to consider the effects of the antecedent precipitation, we also added the cumulative precipitation from the beginning of the year to the respective 3-month period as an independent variable for a given subregion.



The results of the regression analysis show that these models can explain 25.1–58.6% of the variances of the dust column mass density, with wind speed and vegetation (NDVI) being among the variables that entered the most of the models (Table 4). The lists of the independent variables by the models that are in Table 4 follow the sequences in which these variables entered the models in stepwise regression. The standardized coefficients (absolute values) indicate the relative contributions that are made by the individual variables to the variation of the dependent variable. For example, in WAP, the contribution by the NDVI (–0.361) to the dust activity intensity was greater than that of the mean maximum daily wind speed (0.277) (Table 4). ONI_DJF remained to be an important variable for the models of EAP and CAW, suggesting that its effects were not fully represented by the other variables that entered the models for these subregions. As expected, ONI_DJF did not enter the models for the WAP and NAS subregions as its correlations with the dust column mass density never reached a statistical significance during any time of the year (Figure 6). It also did not enter the model of CAE; however, the January-June cumulative precipitation made the largest contribution to the variation in the CAE dust activity (Table 4), and it probably represented the modulation effects of ENSO, as indicated by its strong correlation with ONI_DJF (rho = 0.591, p < 0.001). Generally speaking, the regression models are statistically valid, with them having highly significant F values from the ANOVA test, and all of the independent variables that were included in the models are statistically significant at the 0.10 level. We also included the collinearity diagnostics in the results (Table 4). Both the collinearity tolerance values (all are >0.5) and the variance inflation factor (VIF) values (all are <2) suggest that the collinearities among the independent variables in the models, if there are any, were not severe enough to cause major concerns of biased estimates of the regression coefficients [71] (however, see the discussion below).






4. Discussion


4.1. Spatial and Temporal Patterns of ENSO’s Effects in the “Dust Belt”


In Huang et al. [23], the entire Key Region (5–48° N, 34–76° E) was used to examine the effects of ENSO on the April–July dust activity. In this current study, we divided the Key Region into four subregions and discovered that the dust activities have slightly different seasonality patterns in these subregions (Figure 4 and Table 2) due to the combined effects of the climatological characteristics of the dry seasons, windy months, and surface conditions which are conducive to enhanced dust activities. The seasonal patterns of the ENSO’s impacts are also different as represented by the correlations between the dust column mass density and ONI_DJF (Figure 6), while the months from spring to late summer are the general common period of enhanced dust activities (Figure 4) with there being strong ENSO impacts in the entire region; it is interesting to note that there is a single-peak pattern in the EAP subregion and a double-peak pattern in the CAW subregion (and CAE to certain extent) in terms of the seasonality of the ENSO’s impact in these subregions (Figure 6). Because of the common dust season in all of the subregions, we believe that the analysis of the large-scale circulation patterns during April–July that are associated with the EN and LN conditions in Huang et al. [23] can be applied here. For the early fall months, however, we speculate that the modulation by ENSO on the westerly circulation becomes more important, especially for the two further northern subregions (CAW and CAE). Our results also confirmed that the ENSO’s impacts are not statistically significant in NAS, in contrary to Li et al. [24]. Although the mean dust mass density anomaly is higher than that which is normal during the LN months (Figure 5), the means during EN and normal months are not statistically different, probably due to large degrees of temporal variations.




4.2. Uncertainties in the Relationship between ENSO and Dust Activity


The results from both the correlation and multiple linear regression analyses confirmed the modulation effects of the ENSO cycle on the dust activity in these subregions, especially in EAP, CAW, and CAE, as well as the effects of the major factors of the dust activity that are considered in this study. In the results of the regression analysis (Table 4), the coefficients of most independent variables have correct signs representing the actual physical processes. For example, the mean daily maximum wind speed entered all of the models with a positive sign, except for CAW, thereby confirming the results from many previous studies in different areas in the “dust belt” (e.g., [28,29,30,34,38,39,40,41]. It is interesting to note that the February–April NDVI and the soil moisture in the CAW model both had positive signs, rather than them having negative impacts on the variation of the dust column mass density. In fact, their rank correlations with the February-April CAW dust column mass density were also positive, but they were not statistically significant (rho = 0.282, p = 0.091 for NDVI and rho = 0.151, p = 0.341 for soil moisture). These results show the complexity of the effects of the surface conditions on the dust activities. For example, vegetation of different heights may cause variations in the near-surface aerodynamic conditions that reduce the wind speed, limit the dust emission, and enhance the dry deposition, but it may also cause turbulence in the near-surface air column and prolong the suspension of the dust aerosol particles in the air [73].



We noticed that the concurrent 3-month precipitation only entered the model for NAS, and it apparently had a positive effect on the dust activity, contrary to what was expected. The amount of precipitation during August–October in this region was low and highly variable. In fact, the Spearman’s rank correlation between the August–October dust column mass density and the amount of precipitation in NAS is negative (−0.255), but it is not statistically significant (p = 0.103). The August–October precipitation also made the lowest contribution to the variation in the NAS dust column mass density when it was compared to the wind speed and the soil moisture (Table 4). More importantly, the reversed sign of the precipitation variable was possibly caused by the strong correlation between the August–October precipitation and the soil moisture (rho = 0.615, p < 0.001). As both of these variables entered the model, this seems to be a case of incorrect estimation of the regression coefficients due to collinearity, with acceptable collinearity tolerance and VIF values (Table 4).



It should be pointed out that at different times of the dust season in a given subregion, different factors may increase or decrease their impacts on the dust activity as they are determined by both seasonal and interannual variation patterns. Local and regional processes, which are superimposed on large-scale variation patterns, may increase the uncertainties in specifying the relationships between ENSO and the dust activity. This probably explains the low-to-moderate amounts of the explained variances of the dust column mass density for the individual subregions (Table 4). For example, the ENSO’s modulation effects on the dust activities in CAE are strong during April–June (Figure 6), while ONI_DJF was also significantly correlated with the amount of April–June precipitation (Figure 7a) and the NDVI (Figure 9a). In the regression model for CAE, however, ONI_DJF, the amount of April–June precipitation, and the NDVI did not enter the model, possibly with their influences being represented by the cumulative January–June precipitation instead (rho = 0.799 between January–June precipitation and April–June precipitation and rho = 0.576 between January–June precipitation and April–June NDVI, respectively), which also contributed most to the variation of the April–June CAE dust column mass density (Table 4). These uncertainties show the limitations of the empirical approach that was used in this study.




4.3. Potential Linkages among the Subregions


We recognize that the analyses above cannot reveal the influences of the dust aerosols which were transported across the subregional boundaries or the effects of the factors on the dust activity outside a specific subregion. This could also be the reason that ONI_DJF entered the regression models of multiple subregions together with the major factors of dust activity (Table 4). In other words, ENSO may influence the dust activity in a specific subregion by changing the conditions in the surrounding areas. To illustrate this point, here we focus on two subregions where the modulation effects of ENSO (Figure 6) encompassed essentially the entirety of their respective dust seasons (Figure 4 and Table 2): EAP and CAE. Figure 10 shows the spatial patterns of the correlations between the EAP April–August mean dust mass density and the concurrent total precipitation, the mean daily maximum wind speed, and the NDVI. It can be seen that local and regional precipitation during the dust season seemed to have relatively minor influences on the dust activity, while the EAP dust column mass density is strongly connected to the maximum wind speed and the vegetation conditions both within and outside the subregion, probably indicating that there are synchronized conditions over a large region. In other words, improved vegetation conditions for the areas within and surrounding EAP will limit the dust emission and its transport processes and thereby, reduce the dust mass density within the EAP. Likewise, a strong daily maximum wind speed within and surrounding this subregion will enhance the dust mass density. For comparison, the dust mass density of the CAE subregion had a much stronger connection to the amount of local precipitation. However, the connections to all of these factors outside its boundary are also more prominent (Figure 11), showing the potential cross-boundary impacts of the dust activity in the surrounding regions. For example, the CAE dust mass density is strongly correlated to precipitation and the maximum wind speed outside the subregion along a large belt that runs SW–NE, potentially indicating the paths of the dust transport which is driven by persistent wind and/or weather systems during the dust season. Further investigations, probably using regional models, will be needed to examine these complex relationships and the relative contributions that are made by these factors to the dust activity in specific subregions.





5. Conclusions


In this study, we re-examined the relationships between the dust activities, which were represented by the monthly MERRA-2 dust aerosol column mass density data and ENSO in the Key Region of the “dust belt” which was identified in a recent study by Huang et al. [23] by dividing the large region into four subregions: the eastern and western parts of Arabian Peninsula and the eastern and western parts of Central Asia. We also added the Sahara region of North Africa for the purpose of making a comparison. For the large region stretching from the North African Sahara Desert to Central Asia, there is a common dust season from April to July. However, for the different subregions, the 3-month periods of peak dust activities occur at different times of the year, ranging from March–May and April–June in the western and eastern parts of Central Asia, to June–August in the Arabian Peninsula, and May–July in the North African Sahara Desert. Additionally, the modulation effects of the ENSO cycle also appear to be different in these subregions, thereby influencing different factors of the dust activity during different months of the year. For example, the ENSO’s effects on precipitation, humidity, and soil moisture were mostly experienced during the earlier part of the year, thereby causing an increased amount of rainfall and soil moisture during the EN years. Its effects on wind were more complex, increasing the mean maximum daily wind speed in spring in the western part of Central Asia, while reducing the wind speed in the eastern part of the Arabian Peninsula and the eastern part of Central Asia during summer during the EN years. It can be concluded that for ENSO to be an effective factor of the dust activity, it must have modulating effects on the major factors of the dust processes, and also these effects must occur during the respective dust seasons in these subregions.



Using the major factors of dust activity in the region as predictors, such as the amount of precipitation, the daily maximum wind speed, the vegetation condition, and the soil moisture, the regression models explained 25.1% to 58.6% of the variance of the dust column mass density in these subregions. These regression models helped to identify the leading factors in combination with the modulation effects of ENSO. Since the ENSO cycle can be predicted with reasonable accuracy 3–6 months in advance of it [74], and its modulation effects have been examined in these regions, its effects on the dust activity in different regions can also be predicted, which may have significant implications on the long-range forecast of weather conditions and the aerosol processes that are relevant to the air quality and human health. However, there are many existing uncertainties that require further analysis, especially for the regions of smaller sizes where local factors play more important roles in influencing the dust processes. For example, the effects of precipitation on the dust activity can be highly variable spatially and may have different temporal scales, with wet deposition occurring at the moment of precipitation, while the impacts that it has on soil and vegetation probably last for weeks and even months [45]. Similarly, while our results suggest that soil moisture may effectively reduce the dust activities in most regions, this tendency is strongly impacted by the texture of the topsoil, such as the percent of sand content within it [46,47,75], which was not considered in the current study. Additionally, the previous studies have shown that the different types of ENSO (Eastern Pacific or EP and Central Pacific or CP) events [76] may impact the dust aerosol distribution in different regions [23,77,78]. Additionally, the effects of ENSO may combine with other large-scale teleconnections, such as Arctic Oscillation (AO) [79], North Atlantic Oscillation (NAO) [80], and Atlantic Multidecadal Oscillation (AMO) [81], which may impact the dust activities directly or indirectly in our study region. The combined effects of these large-scale atmospheric and oceanographic processes on dust activity should be analyzed with the use of longer data records in the future.



Although our results call for future regional studies on the uniqueness of the interactions between the atmospheric dust aerosol and the influencing factors, including ENSO, we also want to point out the advantage of comprehensively comparing the effects of these processes between different subregions by identifying the similarities and differences. As suggested by many previous studies, dust aerosol and its climatic effects are extremely important, but they are also very complex, and so they require more attention from the scientific community in order to fully understand the impacts that they have on regional climate systems.
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Figure 2. The Key Region (black box) in Huang et al. [23] which has been divided into subregions: Eastern Arabian Peninsula (EAP, 12–27° N, 48–60° E), Western Arabian Peninsula (WAP, 12–32° N, 34–48° E), Central Asia West (CAW, 30–48° N, 26–51° E), and Central Asia East (CAE, 30–48° N, 51–76° E). North Africa—Sahara (NAS, 12–30° N, 10° W–34° E) is included for comparison. 
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Figure 3. Classification of the ENSO conditions based on the January ONI series, which is noted as ONI_DJF in the following as it is based on the December–February NINO3.4 index values. The dashed lines represent the conditions when ONI_DJF = +1.0 and −1.0, thus, respectively, defining the EN and LN events during 1980–2021. 
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Figure 4. Mean dust column mass density values (unit: kg m−2) by 3-month periods throughout the year during 1980–2021 for the four subregions and North Africa–Sahara (NAS) for comparison. The error bars represent the standard deviations of individual months of the year. 
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Figure 5. Mean monthly anomalies during the EN and LN events for the subregions during 1980–2021. The error bars represent the standard error of the mean for each ENSO condition in a subregion. The values during the normal (labeled as N) conditions are also included for comparison. 
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Figure 6. Spearman’s rank correlation coefficients between the January ONI and MERRA-2 3-month dust column mass density series for the four subregions during 1980–2021, with NAS for comparison. Additionally shown in the figure is the critical correlation coefficient value (rho = −0.3082) corresponding to the 0.05 significance level (N = 41, for series when months of the previous year were used). Note that the Y-axis is displayed in reverse order. 
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Figure 7. Spearman’s rank correlation between January (DJF) ONI and ERA5 3-month mean precipitation in the subregions during 1950–2021 (a), and ERA5 surface water vapor content (unit: kg m−2) (b). Additionally displayed are the critical values corresponding to the 0.05 significance level (rho = 0.2484 for N = 71). 
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Figure 8. This is the same as Figure 7, but it demonstrates the mean ERA5 daily maximum wind speed with critical rho = 0.2484 for N = 71. 
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Figure 9. Same as Figure 7, but for the mean 3-month NDVI values with critical rho = 0.3247 for N = 37 during 1981–2019 (a) and MERRA-2 root-zone wetness with critical rho = 0.3082 for N = 41 during 1980–2021 (b). 
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Figure 10. Correlation coefficients between the EAP dust mass density and precipitation (a), mean maximum daily wind speed (b), and NDVI (c) during the dust season of April–August. The maps cover the entire study region of 12–48° N, 10° W–76° E; they were produced using the KNMI Climate Explorer web tool (https://climexp.knmi.nl/start.cgi (last accessed on 21 August 2022)). 
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Figure 11. Same as Figure 10, but for the CAE subregion during the dust season of March to August. 
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Table 1. Datasets used in this study to represent major factors of dust activity.
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	Factor
	Variable Name
	Dataset Name
	Spatial Resolution
	Data Source
	Metadata





	Precipitation
	Monthly Precipitation (mm/day)
	ERA 5 Reanalysis (1950–2021)
	0.25 × 0.25 Lat./Long.
	KNMI Climate Explorer
	https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5 (accessed on 11 August 2022)



	Humidity
	Monthly Mean Surface Column Water Vapor Content (kg m−2)
	ERA 5 Reanalysis (1950–2021)
	0.25 × 0.25 Lat./Long.
	KNMI Climate Explorer
	Same as above



	Wind
	Daily-Mean Near-Surface Wind Speed (m/s) Averaged into Monthly Series
	ERA 5 Reanalysis (1950–2021)
	0.5 × 0.5 Lat./Long.
	KNMI Climate Explorer
	Same as above



	Vegetation
	Monthly Normalized Difference Vegetation Index
	NOAA/NCEI CDR NDVI (1981–2019)
	0.1 × 0.1 Lat./Long.
	KNMI Climate Explorer
	https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/gov.noaa.ncdc:C01558/html (accessed on 20 September 2022)



	Soil Moisture
	Monthly Root Zone Soil Wetness (Unitless)
	MERRA-2 (1980–2021)
	0.5 × 0.625 Lat./Long.
	NASA

GIOVANNI
	https://disc.gsfc.nasa.gov/datasets/M2TMNXLND_5.12.4/summary (accessed on 20 September 2022)
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Table 2. Mean percentage of monthly dust mass density relative to the annual totals in the subregions. The color shaded cells represent the respective dust seasons, which are arbitrarily determined as the months when the monthly relative contribution is higher than 8.33% (100% divided by 12 months). Additionally included are the Spearman’s rank correlations between the dust–season mean series and ONI_DJF during 1980–2021.
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	Months
	EAP
	WAP
	CAW
	CAE
	NAS





	1
	4.2
	4.3
	4.5
	4.1
	5.0



	2
	5.9
	5.9
	6.8
	6.2
	6.3



	3
	7.8
	8.0
	10.4
	9.4
	8.5



	4
	8.4
	9.3
	14.3
	12.1
	10.5



	5
	9.7
	10.9
	13.6
	12.4
	11.8



	6
	14.2
	13.1
	9.7
	11.8
	11.9



	7
	17.0
	13.1
	8.9
	11.3
	10.6



	8
	13.3
	11.7
	7.6
	9.6
	9.0



	9
	7.9
	9.1
	7.0
	7.8
	8.7



	10
	4.6
	6.0
	7.1
	6.5
	7.7



	11
	3.5
	4.6
	5.6
	5.0
	5.4



	12
	3.5
	4.0
	4.4
	3.8
	4.7



	Dust Season
	April–August
	April–September
	March–July
	March–August
	March–September



	rho with ONI_DJF
	−0.323
	−0.267
	−0.316
	−0.431
	−0.135



	Sig. (N = 42)
	0.037
	0.087
	0.042
	0.004
	0.395
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Table 3. Results of One-Way ANOVA comparing the means of dust column mass density anomalies between the EN (N = 84), LN (N = 84), and normal (N = 336) months during 1980–2021.
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Surbregions

	
ANOVA

	
Kruskal-Wallis

	
Tukey’s HSD (p-Values)




	
F

	
Sig.

	
H

	
Sig.

	
ENSO

	
N

	
EN






	
EAP

	
9.850

	
0.000

	
16.341

	
0.000

	
LN

	
0.430

	
0.000




	

	

	

	

	

	
EN

	
0.000

	




	
WAP

	
8.115

	
0.000

	
15.386

	
0.000

	
LN

	
0.084

	
0.000




	

	

	

	

	

	
EN

	
0.010

	




	
CAW

	
5.811

	
0.003

	
9.928

	
0.007

	
LN

	
0.288

	
0.003




	

	

	

	

	

	
EN

	
0.020

	




	
CAE

	
17.840

	
0.000

	
24.641

	
0.000

	
LN

	
0.001

	
0.000




	

	

	

	

	

	
EN

	
0.000

	




	
NAS

	
0.844

	
0.430

	
1.945

	
0.378

	
LN

	
0.397

	
0.712




	

	

	

	

	

	
EN

	
0.950
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Table 4. Multiple linear regression with the 3-month dust column mass density when its correlation with ONI_DJF was highest as the dependent variable and major factors of dust activity and ONI_DJF as the independent variables. For the independent variables, the names contain the acronyms of subregions, factors (p = precipitation, ws = mean maximum daily wind speed, vi = NDVI, and sm = soil moisture (root zone wetness)), and the ranges of the specific 3-month periods or cumulative precipitation from January (e.g., 6–8 = June–August).
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	Model
	Independ. Variables
	Unstand. Coeff.
	Std. Error
	Stand. Coeff.
	t
	Sig.
	Collinearity Tolerance
	VIF
	R2
	R2-adj
	F
	Sig.
	Total df





	EAP_JJA
	(Constant)
	−0.0005402
	6.70 × 10−4
	
	−0.806
	0.426
	
	
	0.469
	0.423
	10.289
	<0.001
	38



	
	EAPws6–8
	0.0001909
	8.37 × 10−5
	0.309
	2.281
	0.029
	0.826
	1.210
	
	
	
	
	



	
	EAPvi6–8
	−0.0028130
	8.96 × 10−4
	−0.398
	−3.140
	0.003
	0.944
	1.059
	
	
	
	
	



	
	ONI_DJF
	−0.0000241
	1.04 × 10−5
	−0.307
	−2.320
	0.026
	0.868
	1.152
	
	
	
	
	



	WAP_JAS
	(Constant)
	−0.0004797
	6.24 × 10−4
	
	−0.768
	0.447
	
	
	0.251
	0.209
	6.033
	0.005
	38



	
	WAPvi7–9
	−0.0017204
	7.04 × 10−4
	−0.361
	−2.444
	0.020
	0.952
	1.051
	
	
	
	
	



	
	WAPws7–9
	0.0001967
	1.05 × 10−4
	0.277
	1.872
	0.069
	0.952
	1.051
	
	
	
	
	



	CAW_

FMA
	(Constant)
	−0.0001782
	1.38 × 10−4
	
	−1.293
	0.205
	
	
	0.327
	0.266
	5.338
	0.004
	36



	
	ONI_DJF
	−0.0000143
	4.53 × 10−6
	−0.472
	−3.160
	0.003
	0.913
	1.095
	
	
	
	
	



	
	CAWvi2–4
	0.0004069
	2.01 × 10−4
	0.292
	2.020
	0.052
	0.975
	1.025
	
	
	
	
	



	
	CAWsm2–4
	0.0004796
	2.41 × 10−4
	0.301
	1.990
	0.055
	0.894
	1.119
	
	
	
	
	



	CAE_AMJ
	(Constant)
	−0.0005601
	3.12 × 10−4
	
	−1.796
	0.081
	
	
	0.496
	0.452
	11.153
	<0.001
	37



	
	CAEp1–6
	−0.0000237
	5.58 × 10−6
	−0.649
	−4.237
	0.000
	0.632
	1.581
	
	
	
	
	



	
	CAEws4–6
	0.0001243
	4.63 × 10−5
	0.362
	2.686
	0.011
	0.817
	1.224
	
	
	
	
	



	
	CAEsm4–6
	0.0008894
	3.90 × 10−4
	0.348
	2.279
	0.029
	0.636
	1.573
	
	
	
	
	



	NAS_ASO
	(Constant)
	−0.0000563
	3.49 × 10−4
	
	−0.161
	0.873
	
	
	0.586
	0.549
	16.031
	<0.001
	37



	
	NASws8–10
	0.0002440
	4.91 × 10−5
	0.557
	4.966
	0.000
	0.967
	1.034
	
	
	
	
	



	
	NASsm8–10
	−0.0028163
	6.96 × 10−4
	−0.611
	−4.047
	0.000
	0.535
	1.870
	
	
	
	
	



	
	NASp8–10
	0.0001131
	5.09 × 10−5
	0.333
	2.220
	0.033
	0.541
	1.850
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