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The Gobi Desert in East Asia experiences dust outbreaks during the spring, which are often caused by high winds associated with Mongolian cyclones. The radiative forcing that arises from dust aerosols could affect the intensity and movement of Mongolian cyclones and cold fronts. A case study on a Mongolian cyclone that occurred during 18–22 March 2010 in East Asia examines these factors using an atmosphere-dust coupled model. Our numerical results show that dust’s impact on the intensity of the cyclone and its cold front varies between day and night and depends on the relative position of the weather systems of interest to the dust plume, i.e., the edge or the main dust plume region. When the dust plume approaches the cold front, most of the dust is trapped behind the cold front at low levels, but a small amount of dust extends to the middle levels, thereby reaching the warm side of the middle-level front. As a result, dust weakens the intensity of the low-level front and intensifies the middle-level front during the daytime, modifying the cold front oppositely at night. On the other hand, dust influences the cyclone in two phases. During the first phase, the dust plume edge arrives at the center of the cyclone in the daytime and warms the region, slightly intensifying the cyclone. During the second phase, the major dust plume feeds into the cyclone center in the early morning. The net dust effect is negative, which cools the cyclone center and decreases or stops the intensification. Subsequently, the cyclone is taken over by a nearby cyclonic circulation downstream. The dust plume approaches the new cyclone center, which repeats a similar pattern of intensity change: intensifying and then leveling off. Our results show that dust has no apparent influence on the movement of the cyclone and its cold front for this case study.
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1 INTRODUCTION
Mineral dust is a key component of the Earth system, influencing the energy budget, ecological environments, as well as the health of human beings. Dust can cause severe air pollution and increase the rate of respiratory mortality (Mallone et al., 2011). Significant dust events also have a substantial economic impact, since dust-induced low visibility can affect air traffic, road transportation, and military operations (Knippertz and Stuut, 2014).
In addition to environmental and health issues, dust impacts weather and climate through different dynamical and thermodynamic processes. Once the dust is emitted into the atmosphere, it scatters and absorbs the solar and terrestrial radiation, and additionally, it re-emits outgoing terrestrial radiation, both together directly modifying the energy budget of the atmosphere and the surface (Heinold et al., 2008; Cherian et al., 2010; Han et al., 2013; Chen et al., 2015; Grogan et al., 2016; Bercos-Hickey et al., 2017; Grogan et al., 2017; Nathan et al., 2017; Chen et al., 2021). Moreover, dust particles can act as cloud condensation nuclei (CCN) and ice nuclei (IN) and thus change cloud properties, such as cloud particle effective radius, hydrometeors, coverage, thickness, lifecycle, etc., indirectly modifying the energy budget (Alizadeh Choobari et al., 2014; Li et al., 2017; Shi and Liu, 2019; Zhao et al., 2022). In consequence, dust changes the atmospheric heating rates and the hydrological cycle (Miller et al., 2004). Dust radiative forcing reduces surface wind speeds and atmospheric dust load, corresponding to a decreased surface dust flux (Perlwitz et al., 2001; Chen et al., 2021). The reduction of surface wind speed is attributed to the dust-induced stabilization of the planetary boundary layer (PBL), leading to a reduction of vertical turbulent mixing of momentum within the PBL (Miller et al., 2004; Perez et al., 2006; Chen et al., 2021). Studies have shown that the stabilization of the PBL and the reduction of the vertical mixing by dust has led to intensified Low-Level Jets (LLJs) in the Bodélé area in North Africa (Heinold et al., 2008) and low-level barrier jet over the Hexi Corridor in Central China (Chen et al., 2021). Remy et al. (2014) reported on a mechanism that the dust radiative forcing could increase the atmospheric dust load by modifying the boundary-layer stability over the Sahara and the eastern Mediterranean area in spring. This is due to a lower magnitude contribution by the shortwave radiation at daytime than by the longwave radiation at nighttime. The larger down-welling longwave flux at night causes a warmer surface temperature, which in turn results in a less stable thermal stratification, and eventually increases the surface wind speed and dust load.
Dust storms often pass into the vicinity of weather systems during their lifetimes. Thus, the direct and indirect radiative effects of dust are connected to a variety of weather phenomena over different regions of the world. In North Africa, studies have shown that Saharan dust can influence weather systems over North Africa and the Atlantic Ocean, such as changing the movement of Hurricane Helene (Chen et al., 2015), affecting African easterly jet (AEJ) intensity (Chen et al., 2010) and African easterly waves (AEW) growth (Grogan et al., 2016; Grogan et al., 2017; Nathan et al., 2017), decreasing the West African monsoon rainfall (Zhao et al., 2011), strengthening the tropical rain belt over the Middle East and North Africa, and shifting the rain bands northward (Bangalath and Stenchikov, 2015; Bercos-Hickey et al., 2017). In addition, Saharan dust can be transported a long distance, reaching the Pacific Ocean, and potentially modify mixed-phase cloud processes, which can alter the development of winter storms and influence the precipitation amount and distribution in the western United States (Creamean et al., 2013). Near North Africa, an intensive dust storm in the Arabian Peninsula was identified to be related to the cyclogenesis over the Empty Quarter Desert (Francis et al., 2021), and the interplay between the cyclone and the dust helps the development of convective clouds.
In East Asia, the major dust resources are the Gobi Desert in Mongolia and Northern China and the Taklimakan Desert in Western China (Sun et al., 2001). Studies have shown that Asian dust outbreaks are often connected to Mongolian cyclones during spring (Sun et al., 2001; Liu et al., 2004; Zhao and Zhao, 2006; Lee et al., 2012; Cuesta et al., 2015; Gui et al., 2022). Mongolian Cyclones are mid-latitude cyclones that are usually initiated near the Gobi Desert. A large amount of dust can be lifted up by strong surface winds associated with Mongolian cyclones and transported downstream by prevailing winds and cyclones. In addition, the progression of the dust plumes across East Asia is closely related to the advance of the cold fronts associated with these cyclones.
While many studies have focused on the dust activity in East Asia (Liu et al., 2004; Ahn et al., 2007; Wang et al., 2010; Lee et al., 2012; Cuesta et al., 2015; Chen et al., 2021) only a small number of studies have specifically examined the effects of dust on weather systems (Wang et al., 2010; Chen et al., 2021). Wang et al. (2010) developed a dust radiative parameterization scheme to study the dust direct radiative effect on the energy budget for a typical dust storm that occurred on 16–18 April 2006 in East Asia. Their study shows that at daytime the dust radiative effect decreased the temperature in the lower dust layers, but increased the temperature in the upper dust layers. In consequence, the surface pressure rose and the low-level wind weakened. Eventually, the Mongolian cyclone weakened. However, Wang et al. (2010) did not consider the dust impact on the cyclone at night or its impact on the cold front, as dust often resides behind the cold front. Cuesta et al. (2015) showed that during the eastward transport of a dust plume, dust could be lifted near the core of the cyclone and extended down to the surface, but they only focused on the dust distribution rather than the impact of dust on the cyclone and cold front activities. The impact of the dust radiative effect on Mongolian cyclone development has not received enough attention and it requires more investigation.
The central objective of this study is to use an atmosphere-dust coupled model (Chen et al., 2010, 2015) to investigate the impact of dust spatial distribution and the dust radiative effect on the development of a Mongolian cyclone and its cold front activities at both day and night. The paper is organized as follows: in Section 2, satellite observations and reanalysis data are used to depict this dust event. A brief introduction of the dust model, that is, used for numerical experiments is also provided in Section 2. In Section 3, we present the analysis of how the mineral dust radiative effect influences the energy budget, boundary layer characteristics, wind speed, and the feedback to the dust emission, as well as the impact on the development of cyclone and its cold front. In Section 4, a brief summary is given.
2 MATERIALS AND METHODS
2.1 The Mongolian cyclone and the dust storm event during 18–22 March 2010
The dust storm that occurred from 18 to 22 March was the strongest dust storm event in spring 2010. From late 18 March, a large amount of dust was emitted into the atmosphere by strong surface winds associated with a Mongolian cyclone. Figures 1A, B show that the dust plume started from the Gobi Desert region (the red box in Figure 1A) and transported southeastward. While dust concentration observations were available over the target area (Wu et al., 2016), in this study, we verified the amount of dust using the aerosol optical depth (AOD) from Moderate Resolution Imaging Spectroradiometer (MODIS) onboard Aqua and Terra Satellites. This allowed us to better compare the spatial distribution of the dust plume. Note that other non-dust aerosols can also contribute to AOD, in particular over the downstream of the source desert areas. During this event, high AOD (>3) was observed over the Gobi Desert and Qinghai and Gansu Provinces in China (Loess Plateau) (Figures 1C, D). The dust plume was transported from Inner Mongolia far to the southeast, reaching Taiwan, Korea, and Japan. The thick dust plume significantly worsened the air quality and reduced visibility. China, Taiwan, Japan, and Korea monitored a significant increase of the PM10 (particular matter with a diameter of 10 microns or smaller) concentration during this event. In China, air pollution in several regions reached the Level 5 hazard, which was considered an extreme air pollution event. Many flights in Beijing were delayed or canceled. Air pollution readings in Hong Kong reached at least 15 times the recommended maximum levels by the World Health Organization. Taiwan reported a new record for the worst sandstorm conditions; the average concentration of PM10 within 10 h exceeded [image: image] and the highest value reached [image: image] (Lin et al., 2012). In Korea, the daily maximum concentration of PM10 reached [image: image].
[image: Figure 1]FIGURE 1 | (A,B) Visible surface reflectance and (C,D) 550 nm aerosol optical depth (AOD) satellite images on 19 and 20 March, 2010. The AOD data (version 6.1) are from MODIS onboard Aqua and Terra satellites. The red boxes indicate the region where a high dust amount was emitted. Note that the plotting area in (C,D) is the domain 2 region.
The dust storm of interest originated near a Mongolian cyclone, which was formed around [image: image] and [image: image] at 0000 UTC 18 March 2010, with a minimum sea level pressure (SLP) of 1,000 hPa (figure not shown). At 0000 UTC 19 March, the cyclone arrived at [image: image] E, [image: image] and the minimum SLP reached 998 hPa, as indicated in the National Centers for Environmental Prediction (NCEP) Global Forecast System Final analysis (FNL; Figure 2A). The cyclone continued moving south-southeastward. There was little change in the cyclone intensity (∼2 hPa) until 0600 UTC March 20 (Figure 2C), when the surface system was about to develop rapidly. At this time, the cyclone reached around [image: image] and [image: image] over the ocean and was beneath a downstream diffluent trough at 500 hPa, a favorable condition for the development of a low-level cyclone (da Rocha et al., 2019). At 0000 UTC March 21, the cyclone moved over Japan and reached a SLP of 971 hPa.
[image: Figure 2]FIGURE 2 | The FNL analyses of sea level pressure (hPa; blue contours), 850-hPa wind barbs (kts), and potential temperature (K; shaded) at (A) 0000 UTC 19, (C) 0600 UTC 20, and (E) 0000 UTC 21 March 2010. (B,D,F) show the FNL analyses of 500-hPa geopotential height (m; contours), wind barbs, and absolute vorticity (10−5s−1; shaded) at 0000 UTC 19, 0600 UTC 20, and 0000 UTC 21 March 2010, respectively.
While the Mongolian cyclone started forming on 18 March at the eastern Gobi Desert, a high-pressure system already existed to the northwest of the cyclone (Figure 2A). The high-pressure gradient between the high and the Mongolian cyclone induced strong near-surface winds, which caused a significant amount of dust emission over the Gobi Desert. This is evidenced by the high AOD (∼3) observed 1 day later on 19 March (the red box in Figure 1C). More discussion on the Mongolian cyclone and the high-pressure system is given in Section 3.1.
2.2 Model description
An online dust model that was developed based on the Weather Research and Forecasting (WRF) model (called WRF-Dust) (Chen et al., 2010; Chen et al., 2015) was used to assess the impact of the dust distribution and radiative effect on the development and movement of the Mongolian cyclone and its associated cold front at both day and night during 18–22 March 2010. In addition, the impact of dust on the boundary layer development and its feedback to dust emission was also evaluated. The WRF-Dust model is a compressible, non-hydrostatic model. The model uses the Runge-Kutta third order time scheme due to its higher order accuracy in time discretization, the allowance of a larger time step (i.e., a 1.73 current number) to remain model’s instability, and the requirement of only two-time level data for prognostics variables. The high-order advection schemes are available in the WRF model, and in this study, the fifth and third schemes in horizontal and vertical directions were chosen, respectively. A lower order accuracy scheme is used in the vertical direction since the resolution in the vertical direction is much higher than that in the horizontal direction. The WRF-Dust model considers the processes of dust emission, advection, sedimentation, wet scavenging, radiation interactions, and microphysical processes. The dust is integrated into a specific suite of physics schemes, which are used in the study (see Section 2.3). Once dust is emitted, it is advected and transported throughout the model, according to the standard set of the WRF governing equations, which are written in the flux form.
The WRF-Dust model includes five dust bins, centered at radii of 0.25, 0.5, 1, 2, and 4 μm. Dust emission flux (E) in the WRF-Dust model follows Tegen and Fung (1994), and E = max [α(u10 − u10c) x u102, 0], where α (= 0.4 μg m2s−5) is a dimensional constant, u10 is 10-m wind speed, and u10c (=6.5 m s−1) is the threshold of 10-m wind speed. The dust emission occurs when the vegetation type is barren (e.g., desert), the soil volumetric moisture less than 0.2, and a 10-m wind speed stronger than 6.5 m s−1 (Chen et al., 2015). The dust optical properties—single-scattering albedo, asymmetry parameter, and extinction coefficient—with respect to different wavelengths for both shortwave and longwave radiation and particle sizes are calculated using the Optical Properties of Aerosols and Cloud (OPAC) software package (Hess et al., 1998). These dust optical coefficients are then implemented as look-up tables in the Goddard shortwave and longwave radiation schemes (Chou et al., 1999; Chou et al., 2001).
The WRF-Dust model (Chen et al., 2015; Huang et al., 2019), instead of the WRF-Chemistry (WRF-Chem) model, is used in this study due to the two following reasons. First, from our previous experience, the dust simulations using both models are comparable, but WRF-Chem requires more computational time. Second, the dust-physics processes in WRF-Dust were developed by the authors and their collaborators, and thus these dust processes are more consistent in the model.
2.3 Experimental design
In this study, two experiments were conducted: with (DON) and without (DOFF) the dust-radiation interaction being the only difference between the two experiments. Note that only the dust-radiation effect is evaluated in this study because of two reasons. First, studies have shown that under a severe dust event with AOD greater than 1, the dust-radiation effect has a far greater influence than the dust-cloud effect on mesoscale convective systems (Shi et al., 2014; Huang et al., 2019). Second, more studies have focused on the dust-radiation interaction (Ahn et al., 2007; Heinold et al., 2008; Han et al., 2013; Shi et al., 2014; Bangalath and Stenchikov, 2015; Chen et al., 2015; Chen et al., 2021; and many others) than the dust-cloud interaction (Cheng et al., 2010; Li et al., 2017; Huang et al., 2019; Francis et al., 2021), in which the latter potentially possesses a larger uncertainty.
The physics schemes that were used in both simulations include: Cheng two-moment microphysics scheme (Cheng et al., 2010), Goddard shortwave and longwave radiation schemes (Chou et al., 1999; Chou et al., 2001), Medium Range Forecast (MRF) boundary layer scheme, and Kain-Fritsch cumulus scheme. Note that the dust-cloud interaction, in which dust particles can serve as CCN and IN (Huang et al., 2019), and dust wet scavenging are included in both experiments.
For both simulations, the WRF-Dust model was integrated for 5 days, starting from 0000 UTC 16 to 0000 UTC 21 March 2010, covering the time period when significant dust emission and long-range transport occurred over East Asia. The FNL 6-hourly analysis, with a resolution of 1° × 1°, was used to provide initial and boundary conditions for WRF-Dust simulations. Two nested domains with two-way interaction were configured. The resolutions for domains 1 and 2 were 36 and 12 km, respectively. The outer domain mainly covers East Asia, and the inner domain covers eastern China and the Gobi Desert. Thirty-seven vertical levels with stretched spacing grids, with a higher resolution in the lower troposphere, were used for both domains. Note that the dust event started from 18 March and our major interest period is during 19–20 March. Thus, this gives the model enough time to simulate the influence of dust on the development of the cyclone and its cold front.
3 RESULTS AND DISCUSSION
3.1 Synoptic-scale and AOD analysis and evaluation - DON
The model performance was first evaluated by comparing the simulation results of the DON experiment with FNL data. In general, the model synoptic-scale patterns at sea level, 850 hPa, and 500 hPa from DON showed a reasonable agreement with FNL analysis at 0000 UTC 19 March 2010 after a 72-h integration, but discrepancies existed (Figure 2 versus Figure 3). At 850 hPa, high winds—which were around [image: image] and [image: image] between the surface high to the west and the Mongolian cyclone to the east—were shown in both FNL (Figure 2A) and DON (Figure 3A). However, the winds were slightly stronger in FNL. While the high-pressure system positions were comparable between FNL and DON (∼around [image: image] and [image: image]), the SLP at the center of the high was more intense in FNL (1,043 hPa) than in DON (1,038 hPa). For the Mongolian cyclone, the magnitudes of SLP at the cyclone’s center in FNL and DON were comparable (998 hPa in FNL versus 996 hPa in DON) with the FNL cyclone extending further west. The locations and intensities of the high- and low-pressure systems resulted in a weaker pressure gradient in DON, and thus, slightly weaker surface winds between the two synoptic-scale systems in the model (figure not shown), as these features also explained the high-wind differences at 850 hPa between FNL and DON over the same region. The 850-hPa potential temperatures between FNL and DON were comparable with slightly warmer air temperature over most of locations within the domain two in FNL. The 500-hPa synoptic-scale patterns between FNL and DON were quite similar, except that more small-scale features were presented in DON due to a higher horizontal resolution (Figure 2B versus Figure 3B).
[image: Figure 3]FIGURE 3 | The same information as in Figure 2, except from the DON simulation.
The SLP at the center of the FNL cyclone intensified slightly after 0000 UTC 19 March, but started weakening 6 h later (i.e., 0600 UTC) until 1800 UTC 19 March with a SLP of 999 hPa. Its intensity then remained constant for 6 h and started rapidly intensifying after 0000 UTC 20 March; the SLP reached 970 hPa at 0000 UTC 21 March (Figure 2E). Unlike the FNL cyclone, the DON cyclone continued intensifying after 0600 UTC 19 March and the intensifying rate increased with time. The cyclone reached 987 hPa at 0000 UTC 20 March. Although both FNL and DON had a similar intensification rate in the previous 6 h, at 0600 UTC 20 March, the cyclone in DON had already developed stronger than that in FNL (993 hPa in FNL in Figure 2C and 980 hPa in DON in Figure 3C).
When the FNL cyclone weakened slightly from 0600 UTC to 1800 UTC 19 March, there was no large-scale support from low-level warm temperature advection and mid-level positive vorticity advection (PVA) (e.g., at 500 hPa). Although the surface system was located at the downstream side of a 500-hPa shortwave (∼3,000 km) trough, it was too much further south outside the major 500-hPa PVA region. On the other hand, while the cyclone in DON was also located at the downstream side of the 500-hPa trough, it was incorrectly shifted northward, close to the area underneath the 500-hPa PVA region, and thus intensified. After 0000 UTC 20 March, the cyclones in both DON and FNL were located beneath the 500-hPa PVA (or the positive vertical differential vorticity advection with height) region at the downstream of the mid-level trough and consistently intensified. At 0600 UTC 20 March, DON cyclone was 13 hPa more intense than FNL cyclone (Figure 3C versus Figure 2C). The vertical differential vorticity advection was the main mechanism explaining why both cyclones intensified (Figure 2D versus Figure 3D).
The high-pressure system in FNL weakened from 1,043 hPa at 0000 UTC 19 March (Figure 2A) to 1,032 hPa at 0000 UTC 20 March (figure not shown). As stated earlier, the high-pressure system in DON was weaker than that in FNL (1,038 hPa versus 1,043 hPa) at 0000 UTC 19 March. The center of the model high-pressure system weakened to 1,027 hPa at 0000 UTC 20 March with a similar weakening rate to that in FNL. However, during the following 6 hours the development of the high-pressure system was very different between DON and FNL: the former experienced a lower weakening rate than the latter (changed 2 hPa versus 7 hPa within 6 h). This is because the FNL high was beneath the mid-level PVA region. Although the high-pressure system was located beneath the upstream of the trough, where usually negative curvature vorticity advection dominates for a short Rossby wave, PVA was observed due to strong positive shear vorticity occurring at its upstream. For DON, this PVA mechanism was much weaker, and the weakening of the high-pressure system was much slower. At 0600 UTC 20 March, the high-pressure systems in both FNL and DON became quite comparable (1,025 hPa in both FNL and DON). After 0600 UTC 20 March, the system in FNL weakened slowly until 0000 UTC 2100 March (Figure 2E).
As a result of the development of both high- and low-pressure systems described above, stronger winds between the two synoptic-scale systems were obtained in DON at 0600 UTC 20 March due to a stronger pressure gradient. At 0000 UTC 21 March, the cyclone intensity in DON was very comparable to that in FNL (972 hPa in DON versus 970 hPa in FNL) and so did model’s 500-hPa vorticity. The positions of the cyclone were similar between DON and FNL (Figure 3E versus Figure 2E).
Comparing the aerosol optical depth (AOD) between DON (Figure 4A) and MODIS observation (Figure 1C) on 19 March, the patterns and locations from both were again similar. The highest AODs were within [image: image], [image: image] and had similar magnitudes (2.5–3) with model AOD slightly higher. Note that model AOD was plotted at 0400 UTC (∼12 p.m. local time), which was close to the average time when satellite Aqua (∼1:30 p.m. local time) and Terra (∼10:30 a.m. local time) passed the region. On 20 March, although satellite AOD could not be retrieved over the cyclone region due to cloudiness, the highest MODIS AOD might be around the center of the cyclone after dust is advected into the center of the cyclone, as shown in DON (Figure 4B). At this time, compared to observation, the high AOD area as well as the model cyclone ([image: image]) shifted about [image: image] eastward. The pattern of DON AOD was considered reasonable compared to that of MODIS AOD.
[image: Figure 4]FIGURE 4 | Aerosol optical depth (unitless) at (A) 0400 UTC 19 March and (B) 0400 UTC 20 March 2010 from DON.
Simulated dust moved from southern Mongolia to Inner Mongolia, Qinghai, Gansu province in China, East China, and Northeast China. Strong dust emission was found over the western-central Inner Mongolia, the eastern part of Northwest China and Qaidam Basin, with the maximum integrated total dust mass greater than 12 g m−2. This pattern is consistent with Wu et al. (2016), where they performed multiple simulations for the same dust event using the Community Earth System Model (CESM) and thoroughly evaluated the results with observations to investigate the impact of surface roughness elements.
Although the time evolutions of the low- and high-pressure systems between FNL and DON were different, since our focus is the dust radiative effect on the Mongolian cyclone and cold front development, as well as on their diurnal variation, the synoptic-scale patterns and AOD results obtained in DON are reasonable enough for the investigation of the dust radiative effect on the development of the cold front and Mongolian cyclone. Moreover, since the dust was advected from the cold air side of the cold front into the cyclone and right behind the cold front during 19–20 March, our analysis below focuses on this particular time period and we consider 0000 UTC—1200 UTC as local daytime.
3.2 Dust radiative effect on the energy budget and temperature
Dust absorbs and scatters shortwave and longwave radiation and emits longwave radiation, directly modifying the energy and temperature in the atmosphere and on the surface. Since the net effect of dust-radiation interaction is different from day to night as only longwave radiation operates at night, the impacts of dust on the energy and temperature during day and night are analyzed separately.
Figure 5 shows the SLP and the column-integrated dust field at different times from the DON experiment. A large amount of dust was emitted into the air by strong surface winds due to the high-pressure gradient discussed earlier. At 0800 UTC 19 March, the major dust plume was oriented in the west-southwest to east-northeast direction behind the cold front (Figure 5A). At this time, the dust plume was still away from the surface cold front and the center of the cyclone. Note that the dust at the warm side of the cold front was emitted from a different source region, the Hexi Corridor, on 17 March (Chen et al., 2021). With strong winds and the convergence flow at low levels, the dust plume was quickly advected to the center of the cyclone at 1800 UTC 19 March (figure not shown). At 2200 UTC 19 March, dust filled the center of the cyclone and reached the cold front from behind (Figure 5B). Our discussion about the impact of the dust radiative forcing on meteorological variables and the Mongolian cyclone focuses on 19 and early 20 March when dust propagated around and into the center of the cyclone and reached the cold front. Although the dust-radiation interaction was deactivated in DOFF, dust was still simulated in the experiment and dust-microphysics interaction was activated. DOFF produced a similar spatial and temporal dust distribution. However, it had a higher dust concentration, which is discussed in Section 3.3.
[image: Figure 5]FIGURE 5 | Sea level pressure (hPa; blue contours), column integrated total dust mass (g m-2; shaded), and sigma-level-2 wind barbs at (A) 0800 UTC 19, (B) 2200 UTC 19, and (C) 0800 UTC 20 March 2010 from DON. The red lines in (A,B) indicate the locations of the vertical cross sections of Figure 8A, Figures 10A, B and Figure 8B, respectively. The black lines in (B,C) indicate the locations of the vertical cross sections of Figure 9A, Figures 12A, B and Figure 9B, Figures 12C, D, respectively.
Figures 6A–C show the differences between DON and DOFF (DON—DOFF) for the downward surface longwave and net downward surface shortwave radiation fluxes and their summation, respectively, at 0800 UTC on 19 March 2010. Note that this time was chosen to discuss the energy change by dust during the daytime since, at this time, the downward surface longwave flux reached its maximum. Although the net downward surface shortwave flux reached its maximum at 0600 UTC, 2 hours earlier, the value remained large at 0800 UTC. Downward longwave radiative forcing was larger in DON (i.e., positive values), and the maximum difference was about [image: image] (Figure 6A). This is because air at low levels emits larger longwave radiation downward in DON after the absorption of solar radiation (i.e., heating) by dust, and meanwhile, dust and water vapor trap (absorb) longwave radiation at low levels. The surface net shortwave radiative forcing difference between DON and DOFF at 0800 UTC was negative as the dust aerosol attenuated the solar radiation reaching the ground, and the largest magnitude was about [image: image] (Figure 6B). The summation of these two radiation fluxes at the surface was negative during the daytime (Figure 6C) since the dust-shortwave radiative forcing dominated. At night, after the shortwave radiation ceased, the longwave radiation flux difference was still positive as shown at 2200 UTC (6 a.m. LST) 19 March (Figure 6D) when the difference of the downward longwave flux between the two experiments reached the maximum. The surface downward energy flux changes sign between day and night and can influence a diurnal change of the surface temperature and low-level instability, which could influence the intensity and movement of the cyclone and its cold front (to be discussed in Section 3.4).
[image: Figure 6]FIGURE 6 | Differences of (A) downward surface longwave flux, (B) net downward surface shortwave flux, and (C) the summation of (A,B) (W m−2; shaded) between DON and DOFF (DON-DOFF), overlaid with DON dust aerosol optical depth (unitless; red contours), at 0800 UTC 19 March 2010. (D) The same as (A) except at 2200 UTC 19 March 2010.
During the daytime (e.g., 0800 UTC 19 March), dust-induced negative net downward radiative fluxes at low levels of the dust layer led to a significant cold temperature anomaly over the dust coverage area (e.g., the maximum magnitude about ∼1.6°C at sigma level 3 in Figure 7A). In the nighttime (e.g., 2200 UTC 19 March; Figure 7B), the temperature anomaly was small everywhere except the area where the dust amount was large, and the temperature anomaly was positive (∼2°C) due to the positive dust-longwave radiative forcing. When the height increased, the temperature anomalies caused by dust became quite different. In the daytime, the shortwave absorption became more important, and warm and cold anomalies were present at different locations. For example, at 700 hPa, temperature at most areas in the dust layer increased ([image: image]) except for negative temperature anomalies present around the center of the dust plume (Figure 7C). Continuing upward in height, the shortwave absorption at 500 hPa dominated in the daytime and temperature anomalies were positive over almost all of the dust coverage area (Figure 7E), particularly at the highest dust concentration area, and the maximum anomaly was greater than [image: image]. At nighttime, positive temperature anomalies were observed at some areas due to the daytime heating. Other areas were negative due to dust-longwave radiative cooling (Figures 7D, F).
[image: Figure 7]FIGURE 7 | Temperature differences (°C; shaded) between DON and DOFF (DON—DOFF) at sigma level 3, overlaid with DON dust mixing ratio (g kg-1; black contours) at (A) 0800 UTC and (B) 2200 UTC 19, March 2010. (C,D) are the same as (A,B), respectively, except at 700 hPa. (E,F) are the same as (A,B), respectively, except at 500 hPa.
Figure 8 shows the vertical cross sections of temperature differences between DON and DOFF passing through the maximum dust concentration region along the elongated dust plume direction. The vertical cross section of temperature can be used to diagnose the stability change by dust. During the daytime at 0800 UTC 19 March (Figure 8A), the heating by dust was observed at the top of the dust plume since these dust aerosols took precedence to absorb incoming solar radiation before passing the energy downward. Beneath the heating, cold temperature anomalies occurred due to a low solar zenith angle in the early spring (i.e., smaller downward shortwave flux when compared to that in summertime) and the absorption and scattering of solar radiation by dust above. As a result, the temperature change by dust in the daytime stabilized the lower atmosphere, as clearly shown in the potential temperature field (blue contours versus red contours in Figure 8A), and thus decreased the boundary layer mixing. This is consistent with other studies (Wang et al., 2010; Chen et al., 2021; Francis et al., 2021). Meanwhile, the dust destabilized the layer right above the maximum heating, but with relatively small percentage due to its large stability (i.e., high positive potential temperature gradient with height). This implies that the impact of the stability change by dust was more significant within the boundary layer, particularly the change of the mixed boundary layer depth. During the nighttime at 2200 UTC (Figure 8B), the temperature anomaly pattern was opposite to that in the daytime and the magnitudes were larger. At night, the longwave radiative cooling occurred in the upper part of the dust plume, while heating occurred at the lower levels (Figure 8B) when the dust plume got into the center of the cyclone (near 121°E, 41°N), where the maximum dust amount was located. In addition, a warm anomaly also occurred above the dust plume. This sandwich temperature anomaly pattern at the center of the cyclone destabilized the layer below 750 hPa and stabilized the layer above.
[image: Figure 8]FIGURE 8 | The vertical profiles of temperature difference between DON and DOFF (DON-DOFF; [image: image]; shaded), overlaid with potential temperature (K; contours) from DON (blue) and DOFF (red), and the dust mixing ratio from DON (mg kg-1; dashed black contours) at (A) 0800 UTC 19 and (B) 2200 UTC 19 March 2010. The locations of the vertical cross sections for (A,B) are indicated by the red lines shown in Figures 5A, B, respectively.
Figures 9A, B show the vertical cross section of temperature differences between DON and DOFF passing through the dust plume edge and the cold front at 2200 UTC 19 and 0800 UTC 20 March 2010, respectively. Different from the maximum dust concentration region, the dust at the dust plume edge (near the surface) cooled the lower atmosphere at night, due to longwave cooling, whereas, due to the dominant dust-shortwave heating, the dust at the plume edge heated the lower atmosphere in the daytime. This dust direct radiative effect at the dust plume edge, with dust situated at low levels, was opposite to that at the maximum dust concentration region, leading to differing dust radiative effects on the cyclone and its cold front. The prominent dark blue shading in front of the dust (significant cooling) at ∼124oE (Figure 9B) was due to the shift of the front. Details are discussed in Section 3.4.
[image: Figure 9]FIGURE 9 | The vertical profile of temperature difference ([image: image]; shaded) between DON and DOFF (DON—DOFF) overlaid with potential temperature (K; contours) from DON (blue) and DOFF (red) and the dust mixing ratio (mg kg-1; dashed black contours) from DON at (A) 2200 UTC 19 and (B) 0800 UTC 20 March 2010. The locations of the vertical cross sections for (A,B) are indicated by the black lines shown in Figures 5B, C, respectively.
3.3 Dust radiative effect on PBL, wind field and dust emission in high dust load area
As discussed in Section 3.2, the daytime cooling effect near the surface and the heating effect in the middle troposphere by dust stabilized the lower atmosphere and reduced the boundary layer depth and mixing. Downward momentum transport by the PBL mixing can influence the strength of the surface wind speeds. A more stable lower atmosphere, caused by the dust radiative forcing, decreases the PBL mixing and weakens surface wind near the surface during the daytime. This is due to the reduction of downward momentum transport, which consequently reduces dust emission. As shown in the potential temperature field in blue contours in Figure 10, the PBL height in the DON experiment was lower than that in DOFF. The vertical cross section also clearly shows that stronger winds were mixed deeper down to the surface in DOFF compared to that in DON (Figure 10A versus Figure 10B), because the boundary layer in the latter was stabilized by dust. Dashed black contours in Figure 10 describe the concentration of total dust. The dust concentration decreased significantly with height in DON, due to weaker surface winds and a more stable boundary layer (i.e., difficult to mix and bring dust to higher levels). At night, the opposite processes occurred (not shown here). Increased near surface temperature destabilized the lower atmosphere, which enhanced turbulent mixing and led to slightly stronger surface winds.
[image: Figure 10]FIGURE 10 | The vertical cross sections of wind speed (m s-1; shaded), potential temperature (K; blue contours), and dust mixing ratio (mg kg-1; dashed black contours) at 0800 UTC 19 March 2010 from (A) DON and (B) DOFF. The locations of the vertical cross sections are indicated by the red line shown in Figure 5A.
Figure 11 shows time series plots for regional average of 10-m wind speed and surface dust flux on 19 March 2010. The region used to calculate the average was indicated by the black box in Figure 4A. A strong diurnal variation of surface wind speeds is shown in Figure 11A. Both experiments (DON and DOFF) had the same patterns of the wind speed change, largely controlled by the diurnal forcing. The 10-m wind speed started increasing after sunrise until afternoon (Figure 11A). However, the near surface wind peaked at 0800 UCT (4 p.m. LST) without dust and at 0600 UTC (2 h earlier) with dust on 19 March. The wind speed was stronger in DOFF during the day and the largest difference (∼2 m/s) occurred close to sunset (1000 UTC). The surface wind speed rapidly decreased after 0800 UTC (4 p.m. LST) and became much weaker at night because of the stable, shallow boundary layer (i.e., much smaller vertical mixing). At night, DON had a slightly stronger wind speed (∼0.5 m/s) than DOFF. This diurnal variation was in line with the stability change during the day and night, which controls the vertical momentum mixing.
[image: Figure 11]FIGURE 11 | Time series of the averaged (A) 10-m wind speed (m s−1), and (B) dust flux (mg s−1) within the dust source area (within the black box in Figure 4A) from two experiments on 19 March 2010.
For the total dust fluxes within the dust source area on 19 March (Figure 11B), the dust emission patterns between DON and DOFF were similar spatially and temporally. Emission peaked at 0800 UTC (4 p.m. LST) for DOFF and 0600 UTC (2 p.m. LST) for DON, consistent with surface averaged wind speeds as expected, and rapidly decreased after the sunset, becoming almost negligible during the night. Although the pattern of emission was similar between two simulations, important differences arose in the emission intensity, especially during the daytime. The feedback from the dust-radiation interaction decreases ∼30% of the dust emission, generally consistent with that (∼10%) in Chen et al. (2021) but with a larger amplitude. Later during the day (19 March 2010), the dust emission was approximately zero mainly because the high winds were moved out of the dust source region.
The result from this case study suggests that during the daytime, the dust-radiation interaction produces negative feedback in low-level wind speed and dust emission, consistent with other studies (Wang et al., 2010; Chen et al., 2021).
3.4 Dust radiative effect on the intensity and movement of cold front and Mongolian cyclone
As discussed earlier, dust emission occurred between the high- and low-pressure systems. The dust plume is then advected toward the cold front, and due to the low-level convergence of the cyclone, dust was also entrained into the center of the cyclone. Therefore, a question to ask is “what is the dust radiative effect on the intensity and movement of both the cyclone and cold front?” This question is addressed in this section.
3.4.1 Cold front
In this case study, the impact of dust on the cold front intensity change became more apparent from 1800 UTC 19 to 1000 UTC 20 March 2010 after the dust plume edge approached the cold front. Thus, our discussion mainly focuses on this time period. The influence of dust on the cold front varies depending on the daytime or nighttime, as well as the vertical distribution of dust due to different dust-radiation effects between longwave and shortwave, which were discussed in Section 3.2.
For the convenience of the discussion, a front is first defined. A front is a zone where the horizontal potential temperature gradient on a pressure surface is large. The horizontal potential temperature gradient was calculated by the formula below:
[image: image]
where [image: image] is the potential temperature. The potential temperature, instead of the temperature, is chosen to eliminate the dependence on elevation (Sanders and Hoffman, 2002). In this study, the cold frontal zone is identified when the horizontal potential temperature gradient is greater than 4.5 K/100 km, a magnitude that often represents a moderate front (Spensberger and Sprenger, 2018). Figures 12A, B show the vertical cross sections of the horizontal potential temperature gradient (shading) passing through the cold front at 2200 UTC (nighttime before dawn) 19 March 2010 overlaid with the potential temperature (blue solid contours) and dust mixing ratio (dashed black contours) from both DON and DOFF. Compared to DOFF, the front near the surface in DON was slightly deeper and stronger and moved slightly faster (∼120oE), and the DON front in the middle atmosphere (800–850 hPa at ∼116oE) was slightly weaker. This is because, at late night time, the southeastern edge of the shallow dust plume approached the cold side of the cold front at low levels, and thus cooled the low-level air behind the front due to the dust-longwave radiative cooling. The cooling effect at the cold side of the front led to the increase of horizontal potential temperature gradient and intensified the lower-level cold front at night (Figure 12A versus Figure 12B). Behind the surface front, the dust plume reached the middle levels above the frontal zone at night due to the deeper vertical mixing in the daytime. The dust cooling effect was located behind (i.e., the cold side) the ∼700-hPa front (the upper part of the middle-level front; A in Figure 9A) but was located ahead (i.e., the warm side) of the 800-850-hPa front with a larger amplitude (the lower part of the middle-level front; B in Figure 9A). As a result, the maximum strength of the middle-level front (800–850 hPa at ∼116oE) was weakened by dust (Figure 12A versus Figure 12B). During the daytime, for example, at 0800 UTC 20 March, the front becomes weaker in both DON and DOFF (Figures 12C, D versus Figures 12A, B). The dust at the plume edge warmed both the upper and lower atmosphere (Figure 9B), due to the dominant effect of the shortwave over the longwave. As opposed to the dust radiative effect at night, the dust edge warmed the cold side of the front at low levels, weakening and shallowing the surface front (∼124oE) (Figure 12C versus Figure 12D). Contrastingly, the dust edge warmed the warm side of the front at middle levels and intensified the front at the middle levels (∼740 hPa at ∼120oE).
[image: Figure 12]FIGURE 12 | The vertical cross sections of horizontal potential temperature gradient magnitude (K/100 km; shaded), perpendicular to the cold front, overlaid with potential temperature (K; blue contours), dust mixing ratio (mg kg-1; dashed black contours) at 2200 UTC 19 and 0800 UTC 20 March 2010 from (A,C) DON and (B,D) DOFF. The locations of the vertical cross sections for (A,B) (C,D) are indicated by the black lines in Figures 5B, C, respectively.
At both day and night, the dust did not show a clear influence on the cold front’s movement. However, the surface cold front moved slightly faster in DON than in DOFF at both day (Figure 12C versus Figure 12D) and night (Figure 12A versus Figure 12B), and it was due to a more intense cyclone in DON (discussed in Section 3.4.2).
In summary, the cold front was mainly influenced by the dust at the edge of the dust plume. The impact of the dust direct radiative effect on the change of the cold front intensity highly depended on the dust three-dimensional distribution and time of a day (daytime versus nighttime). For the most common scenario, when a dust plume was trapped underneath and right behind a cold front, the dust radiative effect was expected to enhance the surface cold front during the nighttime and weaken the surface cold front during the daytime. A similar conclusion would have been applied to the front at the middle levels if the dust had stayed behind the cold front. Instead, the simulated dust plume existed above the frontal zone and reached the warm side of the middle level front; in consequence, the dust radiative effect weakened the cold front in the nighttime and intensified the cold front in the daytime at middle levels. The movement of the cold front was not evidently influenced by the dust radiative effect.
3.4.2 Cyclone
Similar to the cold front, dust had almost no impact on the cyclone intensity until the dust plume started intruding into the center of the cyclone at 0400 UTC 19 March. Figure 13 shows the time series of the minimum sea level pressure (MSLP) of the cyclones in DON and DOFF from 0400 UTC 19 to 1800 UTC 20. Overall, the intensity, in terms of MSLP, in DON was stronger than in DOFF during this time period, except from 2000 UTC 19 to 0100 UTC 20 (or from 4 a.m. to 9 a.m. LST). The maximum MSLP difference between the two experiments reached ∼4 hPa at 1200 UTC 20 March. Unlike the cold front, the dust impact on the cyclone not only depended on day and night, but also depended on which part of the dust plume resided at the center of the cyclone, which is discussed further below.
[image: Figure 13]FIGURE 13 | Time variation of (A) the minimum sea level pressure (hPa) at the cyclone center for both DON (red line) and DOFF (blue line), (B) the movement of the cyclone center for DON (red line) and DOFF (blue line), and (C) the surface pressure difference (Pa) between DON and DOFF (DON - DOFF) following the center of the cyclone in the DON experiment from 0400 UTC 19 to 1800 UTC 20 March. The blue line in (B) uses the surface pressure data from WRF outputs directly, while the red line uses derived data, based on Eq. 2.
As discussed in Section 3.2, the dust direct radiative effect had a different impact on temperature at different regions of the dust plume, i.e., the center of the dust plume versus the edge of the dust plume, and the upper-part of the dust plume versus the lower-part of the dust plume. The cyclone was influenced by dust in two phases: first, by the edge part of the dust plume when the major dust plume was close to the cyclone, and second, by a thicker dust layer after the major dust plume fed into the center of the cyclone. During the first phase, when the dust plume edge arrived at the center of the cyclone of interest in the afternoon (Figure 5A), the dust heated air near the surface at the center of the cyclone, i.e., the edge of the dust plume (Figures 7A, C, E and Figure 8A), which led to a slightly more intense cyclone (Figure 13A). In other words, the MSLP in DON decreased more compared to that in DOFF, although the major dust plume area to the west of the cyclone center greatly cooled the air near the surface (strong negative temperature anomaly in Figure 7A) due to the attenuation of irradiance by the heavy dust above. The heating at the dust plume edge explains why the MSLP in DON was lower than in DOFF during this first phase.
During the second phase when the major dust plume fed into and occupied the low levels of the cyclone center, the net heating/cooling effect by dust at the column of the cyclone center produced a negative cooling effect, which slowed down or plateaued the rate of decrease of the MSLP in DON (∼2000 UTC 19 March; red line in Figure 13A), while the cyclone in DOFF continued intensifying at a nearly constant rate (blue line). This explains why the blue and red lines in Figure 13A intersected at 2000 UTC 19 March. The cyclone of interest dissipated and a nearby cyclone to its east took over. The new cyclone started with a slightly weaker or similar intensity to that in DOFF. As the dust plume edge approached the cyclone, the cyclone started intensifying faster than the DOFF case, explaining why the second intersection of the red and blue lines occurred, until the center of the cyclone was filled with dust again, repeating what had occurred before. These processes of dust filling in and cyclone replacement explain why the MSLP value had a kink (i.e., rising, flattening, and then dropping of MSLP) in the DON case (i.e., red line in Figure 13A). In both phases, dust had no clear impact on the cyclone movement (Figure 13B).
To ensure that the surface pressure and MSLP change was mainly caused by the temperature change, we calculated the pressure change that was attributed to the temperature difference between DON and DOFF. We noted that while the temperature change was attributed to dust heating/cooling, advection, turbulent mixing, etc., they were all directly or indirectly caused by the dust radiative effect, since that was the only difference between the two experiments. Based on the hydrostatic balance equation, it is expected that a warm temperature or low air density anomaly will cause a low-pressure anomaly, while a cold temperature or high air density anomaly will cause a high-pressure anomaly. Since temperature modifications by dust can change signs in the vertical (see Figure 8B for an example), it is difficult to even qualitatively justify the sign of the surface pressure change by the vertical distribution of dust or temperature anomaly. Therefore, we used the hypsometric equation (Eq. 2) to quantitatively estimate the accumulated pressure change due to the temperature difference between DON and DOFF, assuming that the lapse rate is constant in each model layer.
[image: image]
where p is the pressure; T is the temperature; the subscript n indicates the height level, g is the gravitational force; R is the gas constant (287 J/kg/K); and [image: image] is the environmental lapse rate (K/m). The height fields in DON and DOFF were interpolated to the same 100 height levels for the calculation. Thus, [image: image] represents the height levels with n = 100 located at the model’s highest pressure and temperature level. The pressure and temperature values for [image: image] and [image: image] are equal to those at the model’s highest level. The integration started from the top level ([image: image]) down to the surface ([image: image]), which would yield the surface pressure difference that was caused by the dust-induced temperature difference within the column. Figure 13B shows the time series of the surface pressure difference between DON and DOFF, directly taken from WRF surface pressure outputs (blue line) and derived from the WRF temperature output using Eq. 2 (red line). Note that the data points for the plot in Figure 13C were collected following the cyclone center in the DON experiment. Using the location of the cyclone center at 1000 UTC 20 March as an example, Figure 14 demonstrates how the pressure difference between DON and DOFF at different heights was calculated. The temperature difference above a particular height level cumulatively contributed to the pressure difference at that level between DON and DOFF. As a dust-induced warm temperature anomaly occurred above 15.5 km, a negative pressure difference was induced and continued decreasing going downward until the cold temperature anomaly appeared at 15.5 km. Between 15.5- and 7.5-km height, the temperature anomaly was negative, and the pressure difference started increasing. The height continued going downward until the temperature anomaly changed the sign again at the 7.5-km height. The process continued until reaching the surface and then the difference of the surface pressure between two experiments was determined. The results from WRF output and our calculated values were very similar (Figure 13B), indicating that the dust-induced difference of the surface pressure or MSLP was mainly attributed to the temperature change caused by the dust radiative effect.
[image: Figure 14]FIGURE 14 | Derived (calculated) pressure difference (hPa, red line; DON-DOFF) and temperature difference ([image: image], cyan line) at different heights at 1200 UTC 20 March.
4 CONCLUSION
Dust is an important contributor to air quality in certain regions of the world, such as eastern China and Europe. Dust can also be a key player in the modification of weather and climate, particularly near the dust source regions. In East Asia, strong winds associated with Mongolian cyclones are the main mechanism of the dust storms during the springtime, and these dust storms might have feedback to the cyclone development. Using the WRF-Dust model (Chen et al., 2010; Chen et al., 2015), this study investigates the impact of the dust radiative forcing on the development of a Mongolian cyclone and its cold front. A dust storm that occurred over East Asia during 18–22 March was chosen for the case study because it was the strongest dust storm event in 2010. To study the dust radiative feedback on these weather systems, two numerical experiments were conducted, which differed only in whether or not the dust-radiation interaction was activated.
Our results showed that both dust distribution and Mongolian cyclones were reasonably predicted in both numerical experiments. However, differences in temperature were present. During the daytime, dust absorbs and scatters the incoming solar radiation and decreases downward shortwave fluxes, leading to a heating effect at the upper part of the dust plume and cooling underneath. Dust absorbs, scatters, and emits longwave radiation throughout the course of a day, resulting in the cooling (warming) effect at the upper (lower) part of the dust plume. The dust-shortwave effect dominated the dust-longwave effect in the daytime and stabilized the PBL over the major dust plume region. The stabilization of the boundary layer reduced vertical mixing, which decreased the PBL height and the surface winds (less downward momentum mixing). In consequence, dust emission was reduced by ∼30%, i.e., negative feedback. In the nighttime when dust-longwave interaction operates alone, the dust heating effects are opposite. This result is consistent with previous studies (Perez et al., 2006; Wang et al., 2010; Remy et al., 2014; Chen et al., 2021; Francis et al., 2021).
Simulation results showed that the dust plume had almost no impact on the Mongolian cyclone and its cold front until the dust plume moved close to the cyclone or the cold front. The influence of the dust radiative forcing on either of the weather systems depended on the region of the dust plume that interacted with the system of interest. The cold front was mainly influenced by dust at the edge of the dust plume. Dust was trapped behind the surface front and mainly underneath the boundary layer; the only exception was behind the surface front, where the upper part of the dust plume extended upward to the warm side of the frontal zone, as illustrated in Figure 15. During the daytime, the dust plume edge heated the cold air side of the near-surface cold front and the warm air side of the middle-level cold front. As a result, the dust plume edge weakened the near-surface cold front, but intensified the middle-level cold front during the daytime (Figure 15A). Late at night, oppositely, the dust plume’s edge intensified the near-surface cold front while weakening the middle-level cold front (Figure 15B). The dust impact on the cyclone intensity was not only controlled by the diurnal cycle of the dust radiative effect, but also by the relative position of the dust plume. In addition, if a cyclone center replacement occurs, it also plays another role in the dust-Mongolian cyclone interaction. As illustrated in Figure 16, when the dust plume approached the center of the cyclone in the daytime or the early night, the dust radiative effect at the dust plume edge dominated, so that it heated the lower atmosphere, decreased the MSLP of the main cyclone (M), and intensified the cyclone (top panel in Figure 16). When the dust plume fed into the cyclone center (middle panel in Figure 16), the dust net cooling effect stopped or slowed down the intensifying rate (i.e., the MSLP of the main cyclone stopped decreasing). At the same time, another nearby cyclone (N) continued developing until its MSLP was lower than the main one (M). Subsequently, the main cyclone dissipated, and the nearby cyclone took over. This new cyclone in DON started from a weaker or similar intensity as in the DOFF case, and then the pattern repeated, as was shown in the bottom panel Figure 16 (i.e., intensifying and then leveling off).
[image: Figure 15]FIGURE 15 | A schematic diagram for a dust plume influencing the cold front at (A) day, and (B) night. Line filled with the gradient black color represents the front: the darker the more strongly influenced by dust, while the lighter the more weakly influenced by dust. Blue represents cooling and red represents heating by dust.
[image: Figure 16]FIGURE 16 | A schematic diagram for the dust (shaded) interaction with the Mongolian cyclone (circles) when a cyclone center replacement occurs. A larger circle represents a stronger cyclone. M indicates the main cyclone; N indicates the new developed cyclone; and O indicates the old main cyclone.
Although the present study demonstrates that the dust radiative forcing could influence the development of the Mongolian cyclone and its cold front and had almost nil impact on their movement, more case studies will be needed to obtain statistical results. In addition, dust particles can act as cloud condensation nuclei and ice nuclei, which can change cloud properties associated with these weather systems and the radiative budget in the atmosphere and at the surface. Although the dust indirect effect was included in both numerical simulations, the dust indirect effect on these weather systems was not examined in the study but will be studied in the future.
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