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Abstract

:

To investigate the impact of advanced microphysics schemes using single and double moment (WSM6/WDM6) schemes, numerical simulations are conducted using Weather Research and Forecasting (WRF) model for a severe mesoscale convective system (MCS) formed over the Korean Peninsula. Spatial rainfall distribution and pattern correlation linked with the convective system are improved in the WDM6 simulation. During the developing stage of the system, the distribution of total hydrometeors is larger in WDM6 compared to WSM6. Along with the mixing ratio of hydrometeors (cloud, rain, graupel, snow, and ice), the number concentration of cloud and rainwater are also predictable in WDM6. To understand the differences in the vertical representation of cloud hydrometeors between the schemes, rain number concentration (Nr) from WSM6 is also computed using particle density to compare with the Nr readily available in WDM6. Varied vertical distribution and large differences in rain number concentration and rain particle mass is evident between the schemes. Inclusion of the number concentration of rain and cloud, CCN, along with the mixing ratio of different hydrometers has improved the storm morphology in WDM6. Furthermore, the latent heating (LH) profiles of six major phase transformation processes (condensation, evaporation, freezing, melting, deposition, and sublimation) are also computed from microphysical production terms to deeply study the storm vertical structure. The main differences in condensation and evaporation terms are evident between the simulations due to the varied treatment of warm rain processes and the inclusion of CCN activation in WDM6. To investigate cloud–aerosol interactions, numerical simulation is conducted by increasing the CCN (aerosol) concentration in WDM6, which simulated comparatively improved pattern correlation for rainfall simulation along with intense hydrometer distribution. It can be inferred that the change in aerosol increased the LH of evaporation and freezing and affected the warming and cooling processes, cloud vertical distribution, and subsequent rainfall. Relatively, the WDM6 simulated latent heating profile distribution is more consistent with the ERA5 computed moisture source and sink terms due to the improved formulation of warm rain processes.
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1. Introduction


Parameterisation of cloud microphysics signifies an important source of ambiguity in numerical simulations of organised deep convection as grid resolving scale precipitation at fine resolution is determined by microphysical schemes. Microphysics directly affects the buoyancy and hence the convective fluxes through the condensate loading and latent heating/cooling, which affect the storm dynamics. Inadequacies in representations of clouds have impacts on latent and radiative heating and results in inadequacy in the circulation and hydrological cycle [1]. Robust interactions between the cloud microphysics (which governs the precipitation) and the large-scale dynamics consequently regulate the organisation of the convection through the heating distribution influenced by the phase transition among different hydrometeors [2,3]. The large-scale thermal state of the atmosphere affects clouds, dynamics, and hydrological processes. Feedback from microphysics to dynamics through the latent heat release is the main phenomenon that affects the convection [4,5,6,7,8,9,10,11,12,13,14]. Microphysics schemes explicitly characterise the moist convective processes and strongly affect the convective-scale simulations [15,16]. Further cloud microphysical processes play an important role in warm-season precipitating systems by directly affecting the cold pool strength (rainfall evaporation) and latent heating (condensation) as well as indirect influences on gravity waves and cloud-radiation interaction. Hence, proper representation of cloud microphysics is crucial for simulating clouds and is one of the most important aspects to reduce the uncertainties in the numerical forecasts/simulations.



In the past, numerical models have relied on Eulerian approach to depict clouds, thermodynamics, and microphysics variables. Over time, the sophistication of microphysics has progressively increased from simple representations of bulk masses of cloud including different ice particle types and bulk hydrometeor concentrations to complex schemes (bin or spectral schemes) that evolve the hydrometeor size distributions within each model grid cell [17]. Bulk schemes assume an underlying shape for hydrometeor size distribution and predicts one or more bulk quantities of the distribution. In contrast, bin microphysics schemes explicitly predict the detailed evolution of size distribution and are computationally expensive, which are not feasible for most applications [18]. On the other hand, bulk microphysics schemes use a gamma distribution function [19] to represent the particle size distribution of water species using the intercept, slope, and shape parameters. The recent development of bulk microphysics schemes incorporates the prediction of several moments for hydrometeor size distributions [18,20].



Even though there is raise in computational cost, increasing the moments enhances the degrees of freedom and allows more flexible treatment of particle size distributions; one improvement in bulk microphysics schemes is the prediction of two moments of hydrometeor size spectra rather than one (implies mixing ratio). In a single moment (1M) scheme, the slope parameter is controlled by predicting the mixing ratio of all hydrometeor species with a fixed intercept, whereas in a double moment (2M) scheme, the intercept varies with additional prediction of the total number concentration. Furthermore, 2M schemes have more degrees of freedom to represent the hydrometeor particle size distribution and outperform 1M schemes in representing the convective structure and stratiform coverage [18,21]. The prognostic equations of the raindrop number concentration in 2M schemes can produce the large rain drops in a reasonable concentration for a heavily precipitating rainband compared to a 1M scheme. 2M schemes also require the cloud condensation nuclei (CCN) information to predict the cloud droplet number concentration to account the important effects of cloud–aerosol interactions [22,23,24]. It is to be noted that the double-moment schemes are extensively used to treat droplet activation and cloud–aerosol interaction through the prediction of the droplet number concentration [25,26]. However, both 2M schemes cannot accurately describe the cloud droplet spectrum evolution whereas the triple-moment (3M) condensation scheme can provide a detailed evolution of cloud drop spectra [27], which reinstates the necessity to consider 3M schemes for further improvement in simulations.



Numerous 2M schemes have been developed and utilised in a variety of applications [20,26,28]. For organised deep convection, key processes that are affected by using 2M vs. IM schemes include particle size sorting and rain evaporation [18,28]. It has been reported that 2M schemes reduced the rain evaporation in the trailing stratiform region of a squall line comparative to 1M, leading to increased stratiform precipitation at the surface. Similarly weaker cold pools in supercell simulations produced by the 2M scheme compared to 1M of the same led to an improvement when compared against the observations [26].



As the cloud microphysics parameterisation accounts for the formation of different hydrometeors and the vertical distribution of cloud, other important aspect of cloud microphysics is to model the warm and cold cloud physics. Compared to warm cloud microphysics, the modelling of cold cloud microphysics is complex as it applies to temperatures lower than 0 °C, which involve ice crystals, and adds the additional complexity of ice processes like heterogeneous ice nucleation, secondary production mechanisms of ice crystals [9,29,30]. Microphysics of warm clouds include the growth of cloud droplets in warm clouds (condensation, fall speed of droplets, collection, accretion of cloud droplets by rain drops, collision, and coalescence) [31], while cold rain is produced by the microphysical processes of mixed-phase and cold clouds (melting of ice-phase hydrometeors). In detail, the microphysics of cold clouds includes homogeneous, heterogeneous, and contact nucleation, the concentration of ice particles in clouds, crystal growth (vapour phase, aggregation, riming), the formation of precipitation, and cloud modification.



Cold cloud microphysics affects the organised convection primarily via extra latent heating (cooling) by freezing (melting) processes and slower the fall speed of ice, implying a longer residence time in the atmosphere. It is important to note that the formulation of warm and cold cloud microphysics plays major role in the simulation of any type of weather and climate event. Studies [32] have shown the advantage of using liquid only microphysics schemes for the simulation of deep convection. However, later studies also demonstrated the significance of ice cloud microphysics on the structure and intensity of deep convective systems [15]. The main ambiguity in parameterising the ice microphysics is the type and number of ice species representation and the depiction of ice-phase processes such as appropriate number and type of ice-phase categories [33]. The main features include terminal fall-speed/size and density/size relationships that vary widely among different ice categories in bulk schemes [33].



Furthermore, recognising the importance of cloud–aerosol interactions in cloud microphysics and radiative properties [22,24,34], a prognostic treatment of CCN particles is introduced for newer schemes to activate cloud droplets. For instance, [35] evaluated three options of increasing complexity to characterise the hydrometeor species (namely, two-class ice, three-class ice with one moment, and three-class ice with two moments) in predicting the super cooled liquid water of winter storms. Therefore, it is important to note that the representation of warm and cold cloud microphysics affects the storm dynamics and explicitly represents moist convection and strongly impacts the convective-scale simulations [15,16]. Moreover, the dynamics and lifetime of atmospheric clouds have been coupled to entrainment and turbulent fluxes [36] due to the scale dependence of the cloud microphysical response to turbulent entrainment and mixing parameterisation, which affects the warm cumulus and stratus clouds [37,38], and subsequently affects the rainfall simulations [39,40,41] because of the boundary layer processes on the cloud system. Furthermore, it is also important to note that studies by [37,42] introduced the entrainment-mixing mechanisms into 2M schemes to realistically represent the precipitation simulations. Apart from this, both the 1M and 2M schemes have issues of the spurious broadening of cloud droplet spectra, which ultimately affect the representation of rainfall distribution from numerical simulations that require the need to consider multi-moment schemes (three-moment) schemes [27].



Latent heat (LH) release is the main source of energy for severe local convective storms and large-scale atmospheric circulation as it drives the global winds and weather systems [43] through the redistribution of energy and maintains the large-scale circulation of tropical atmosphere and the way that large-scale circulation responds depends on the vertical distribution of temperature change following deep convection [44]. For example, the LH released by phase change processes (warm and cold phase) can reshape the thermal profile and redistribute the moisture in the vertical direction [45]. Moreover, the transformation of water vapour into cloud hydrometeors results in phase change processes [9,46,47]. Several scientific studies have been conducted to understand the LH structure in severe convective environments over various parts of the world [8,48,49,50,51] but the sensitivity to LH structure to different moment schemes has been the least explored.



Furthermore, the formulation of cloud condensation nuclei/ice nuclei activation from water vapour may also affect the latent heating–cooling structure and convective fluxes. It is important to note that the representation of warm and cold cloud microphysical processes is dependent on the number of moments of the microphysics schemes. Even though many studies have been conducted to study the sensitivity of low moment (1M) to high order moment (2M) schemes, the investigation of the effect of microphysical moments on transformation processes is limited. While many studies suggest important differences using 1M and 2M schemes, comparing the sensitivity arising due to important aspects of the microphysics (number and type of ice species) has received little attention. In particular, the microphysical transformation terms (1M/2M) in the schemes vary and influence the latent heating/cooling processes that affect the storm dynamics. As the choice of microphysics (different moments) affects the warm- and cold-cloud processes and related diabatic heating–cooling rates that connect the convective-scale cloud microphysical processes to local thermodynamics and large-scale dynamics, it is important to investigate the effect of the latent heating rates on the storm dynamics, which forms the basis of this study.



Consequently, the main objective of the present work is to examine the choice of different moment bulk microphysics schemes on the simulation of a mesoscale convective system over the Korean Peninsula in terms of rainfall distribution (precipitation characteristics, spatial distribution, intensity) and storm dynamics. In the current study, two key aspects of the bulk microphysics schemes (double class versus single class) sensitivity to numerical simulations in terms of the number concentration and cloud–aerosol interactions (inclusion of cloud condensation nuclei (CCN)) are investigated. As microphysics directly influence the buoyancy and henceforth the convective fluxes through the condensate loading and latent heating/cooling, the effect of microphysics on storm dynamics is also studied by examining the latent heating rate structure. Following the study by [9], where the simulation of the latent heating rate using the microphysical process in a severe convective storm environment was discussed, the current study investigates the effect of single and double moment schemes on the vertical distribution of the latent heating rate and consequence on storm structure. The article is organised as follows. The case description is provided in Section 2. The numerical model set up framework and methodology, along with the datasets utilised, are described in Section 3. A brief description in the differences in the single vs. double moment schemes are presented in Section 4. The results of the microphysics parameterisation scheme sensitivity and the effect of changing the cloud condensation nuclei (CCN) are investigated in Section 5, followed by conclusions in Section 6.




2. Case Description and Synoptic Features


Several platforms (TRMM, DWR, satellite imagery) have portrayed the passage of the MCS over the Korean Peninsula (Figure 1). The 48-h accumulated rainfall (0000 UTC 15 July to 0000 UTC 17 July 2017) from TRMM displayed a precipitation band that extended from eastern China and the Yellow Sea to the Korean Peninsula (Figure 1a), with the maximum precipitation over the Cheongju region (black open circle in red box in Figure 1a). It is evident that the Korean Peninsula received rainfall in association with the movement of a mesoscale convective system (MCS) that developed during the Changma season over Korea [52]. A more detailed description on the synoptic forcing responsible for the MCS formation is available at [9,53]. Time series of the area averaged 3-h rainfall over the maximum precipitation band (116–132° E, 32–39° N) and precipitation core (126–130° E, 36–38° N) from the TMPA observations showed that rainfall over the precipitation core (over Korean Peninsula) started at 1500 UTC 15 July 2017, whereas rainfall over the precipitation band is evident from 0000 UTC 15 July 2017 (Figure 1b), related to MCS propagation. The incidence of large cloud band over the Cheongju region in response to system passage is apparent from the weather radar and satellite imagery from KMA (Figure 1c,d).




3. Numerical Model Configuration


Nested domain numerical simulations with two-way nesting are conducted to explore the microphysical processes and latent heating rate structure in the storm environment. The Weather Research and Forecasting (WRF) model V3.9.1 is employed in the current study. It is a fully compressible, non-hydrostatic model with an Arakawa C grid system. Further details can be found in [54]. Four nested computational grids from outer to inner domains with 210 × 210, 244 × 244, 331 × 331, and 406 × 406 grid points with grid increments of 27, 9, 3, and 1 km, respectively, are shown with the innermost domain covering the Cheongju region (Figure 2). NCEP FNL data (1° × 1° resolution) at 00 UTC 15 July 2017 are provided as the model’s initial conditions. For the numerical configuration, the same setup utilised in [9,53] is utilised. In the model setup, physics options for cumulus, radiation, and microphysics, based on the Korean Integrated Model (KIM) [55] developed by the Korea Institute of Atmospheric Prediction System (KIAPS), are considered for the simulation. A newly developed cumulus scheme that considers scale-aware capability in the cloud-base mass flux, convective inhibition, and convective cloud water detrainment [56,57] is used. A radiation scheme with a revised two-stream approximation and a reduced number of random samples (G-packed) in a radiation package [58] is utilised. For planetary boundary layer physics, the scale-aware scheme [59] is considered, which denotes subgrid-scale turbulent transport in the boundary layer at gray-zone resolutions by modulating the effects of grid size dependency on vertical heat transport. For microphysics, the WRF single-moment 6-class scheme (WSM6) and WRF double-moment 6-class scheme (WDM6) [60], which characterises the comprehensive bulk microphysical process. WDM6 comprises the prognostic water substance variables for water vapour, clouds, rain, ice, snow, and graupel. Besides the mixing ratio (WSM6), WDM6 also enhances the prognostic number concentration of cloud and rainwater, henceforth it is a double-moment warm rain microphysics scheme. Furthermore, this scheme also enables the investigation of the aerosol effects on the cloud properties and precipitation processes with a prognostic variable of CCN. The activated CCN number concentration is predicted and formulated by means of the drop activation process based on Twomey’s relationship between the number of activated CCN and supersaturation, which enables a level of complexity to be added to the traditional bulk microphysics schemes through the explicit CCN-cloud drop concentration production [61]. A more detailed description on single- and double-moment schemes follows in the next section.



Using this numerical model setup (Figure 2), WRF simulations are conducted for 48 h, and the model simulations are compared against the TRMM and AWS (spatial distribution of rainfall); and the simulated latent heating profiles are validated using the ERA5 reanalysis datasets.




4. Brief Description of Single Vs. Double Moment Scheme


In general, bulk microphysics schemes use a gamma distribution function [19] to characterise the particle size distribution of water species through the intercept, slope, and shape parameters. In a 1M scheme, the slope parameter is only controlled by predicting the mixing ratio of all hydrometeor species, whereas in a 2M scheme, the intercept can be varied with an additional prediction of the total number concentration. 2M schemes have more freedom to represent the hydrometeor’s particle size distribution, which can outperform single-moment schemes in representing the convective structure and stratiform coverage [18,21]. The gamma distribution for precipitating hydrometeor classes for single- and double-moment schemes can be described as


Nx(D) = Nox Dµx e−λxD








where Nx(D) (m−4) characterises the number concentration of the diameter (D) of particles of a given hydrometeor class (x) and diameter (D); Nox (m−4) is referred to as the intercept parameter; λx is the shape parameter and µx is the slope parameter that determines the degree of freedom of the particle size distribution curve, respectively [62], where x = c, r, s, g, i corresponds to five hydrometeor categories (cloud water, rain, snow, graupel, and cloud ice, respectively). These parameters are formulated as functions of the number concentration Nx and mixing ratio qx. In 1M schemes, Nx is specified as fixed Nox, and together with the predicted qx enables control of the slope parameter. In 2M schemes, Nx and qx are both prognostic variables, therefore the slope and intercept parameters can be handled with flexibility.



WSM6 and WDM6 both are based on the parameterisation of [63] and have similar parameterisation for cold-phase hydrometeors, which are handled in the 1M approach, but No is allowed to vary with temperature. Compared to WSM6, WDM6 has three additional prognostic variables: cloud condensation nuclei and number concentrations of cloud and rain, therefore WDM6 can be viewed as a partial 2M scheme whose ice-phase categories belong to a 1M scheme, whereas the warm rain species belong to a 2M scheme. The double-moment approach for the bulk microphysics scheme allows for more flexibility of the size distribution, enabling the mean diameter to evolve in contrast to the single-moment approach. This has become a more promising method to improve the microphysical processes in mesoscale modelling, even though it requires more computational time than the single-moment approach [60,64]. 2M schemes also require the CCN information when the CCN number concentration is predicted and formulated using the drop activation process based on Twomey’s relationship [65] between the number of activated CCN (na) and supersaturation (Sw), represented as (na = CSkw, where k is the parameter), which enables a level of complexity to be added to the traditional bulk microphysics schemes through the explicit CCN-cloud drop concentration feedback. One important feature of WDM6 is the activation of CCN, and the number concentration is predicted and formulated based on activated CCN (na) and supersaturation (Sw) [60]. Accurate 3D CCN information is an important aspect of model simulations. However, obtaining real-time CCN information in both the horizontal and vertical directions is difficult. Thus, we chose an initial value of 100 cm−3 for the CCN number concentration in this study, as in [60], and tested a larger value (1000 cm−3)



Furthermore, the formulation of warm-rain processes such as auto-conversion and accretion in the WDM6 scheme is based on the studies of [25]. For other source and sink terms in warm-rain processes, the formulas in the WSM6 scheme were adopted. However, the microphysics processes in the WDM6 scheme, even if the same formula is applied, work differently from those in the WSM6 scheme due to the predicted number concentrations of cloud water and rain, which in turn indirectly influence the ice processes. [60] demonstrated that compared to the simulation of an idealized 2D thunderstorm with the WSM6 scheme, the higher drop concentrations in the convective core versus lower drop concentrations in the stratiform region are distinct in the WDM6. A marked radar bright band near the freezing level was produced with the WDM6 microphysics scheme. Meanwhile, the WSM6 scheme extended strong reflectivity to the ground level over the stratiform region [61]. Precipitation, latent heat, and cloud radiative forcing in connection with deep convective clouds are strongly related to cloud microphysical processes that can be modulated by aerosols serving as cloud condensation nuclei (CCN) and ice nuclei (IN). For cloud–aerosol interactions, a famous theory is that an increase in the aerosol concentration can supress warm rain due to increased droplet number but reduced droplet size. This allows for more cloud droplets to be lifted to the altitudes above the freezing level, inducing stronger ice microphysical processes (droplet freezing, riming and deposition) that release the larger latent heating by invigorating convective updrafts (cold phase invigoration [43,66].



Another theory states increase in the aerosol content can enhance droplet nucleation, particularly secondary nucleation, after warm rain initiates, which promotes condensation due to a larger integrated droplet surface area associated with a higher number of small droplets [52]. The main contrast between the schemes is, WDM6 double-moment scheme predicts the number concentration of cloud and rainwater, which are added into the WRF single-moment 6-class (WSM6) scheme [41,67], however, the ice-phase microphysics is identical for both the WDM6 and WSM6 schemes [67] and for particle distribution, all hydrometeors follows the exponential distribution in WSM6 whereas in WDM6, the liquid (solid) hydrometeors follow the gamma (exponential) distribution, respectively [60].



Computation of Latent Heating Rate from Microphysical Process


In the current study, the latent heating (LH) rate is computed based on different microphysical transformation process production rates using both the WSM6 and WDM6 schemes. More details are provided in Appendix A, and a flowchart is accessible in Figure S1 of [9]. To explore the cloud microphysical processes and LH, six categories including condensation, evaporation, melting, freezing, sublimation, and deposition processes, which produce heat release/absorption during the phase transition, are considered. The latent heating rate calculation is based on [9,68,69].


qcond = Lv × (Pr_cond + Pr_cact)/Cpm′



(1)






qevp = Lv × (Pr_evap + Pr_revp + Pr_gevp + Pr_sevp)/Cpm′



(2)






qfrz = Lf × (Pr_ihmf + Pr_ihtf + Pr_gfrz + Pr_iacr + Pr_gacr + Pr_sacr + 2 × Pr_aacw)/Cpm′



(3)






qmlt = Lf × (Pr_smlt + Pr_gmlt + Pr_imlt + Pr_seml + Pr_geml)/Cpm′



(4)






qdep = (Ls × Pr_idep + Pr_sdep + Pr_gdep + Pr_igen)/Cpm′



(5)






qsub = (Ls × Pr_isub + Pr_ssub + Pr_gsub)/Cpm′



(6)






qnet = qcond + qevp + qfrz + qmlt + qdep + qsub



(7)




where qcond, qevp, qfrz, qdep, and qsub are the latent heating rates of major transformation processes (condensation, evaporation, freezing, melting, deposition, and sublimation, respectively). Lv, Lf, and Ls correspond to the LH constant associated with vaporisation, fusion, and sublimation, respectively, and Cpm′ is the specific heat constant. The conversion rate of each microphysical process is given by P, followed by the abbreviated name (i.e., Pr_cond, Pr_revp, etc.) in kg kg−1 s−1. And the net latent heating rate is the sum of the latent heating rate terms from the six major transformation processes.





5. Results and Discussion


5.1. Spatial Distribution of Rainfall in the Innermost Domain


To investigate the characteristics of the latent heating rates in the convective environment, the developing and dissipating stages of the MCS are considered based on the rainfall observations of TRMM (Figure 3b). A dense network of automatic weather station (AWS) observations are gridded using a spatial linear interpolation technique to compare the model simulations. The AWS and TRMM observations showed a large patch of rainfall associated with the convective system (Figure 3a,b). It is noticed that the WRF model with single- and double-moment microphysics captured the rainfall related to MCS passage, however, the rainfall is underestimated with an eastward shift (Figure 3c,d). The rainfall distribution showed that among the schemes, there is spatial difference in intensity and distribution. Improved pattern correlation is evident in WDM6 (0.59) compared to WSM6 (0.58) against the TRMM observations. The spatial location of the heavy rainfall patch (red rectangle in Figure 3) is better captured in WDM6 compared to WSM6. However, the spatial distribution of rainfall is not properly simulated in both schemes compared to the TRMM observations.



To examine the latent heating rate structure in different stages of the system, the grid box region (127.7–128.1° E and 36.9–37.3° N) is considered for analysis. It is to be noted that the system has developed as part of synoptic frontal forcing, and when the system moved over the grid box region, it is already in the developing stage. Temporal distribution from the TRMM and WRF (Figure 3e) simulations showed a gradual increase in rainfall from 06 UTC 15 July 2017 to 18 UTC 15 July 2017 (considered as developing/mature stage), and a decrease in rainfall is noticed from 21 UTC 15 July 2017 to 09 UTC 16 July 2017 (considered as dissipating stage of the system). During the developing stage, TRMM shows the rainfall amount reaching up to ∼55 mm/3 h (green line), and the model could capture the rainfall reaching up to 40 mm/3 h (brown line), however, it underestimated. A gradual decrease in the rainfall is evident in both the observations and model runs during the dissipating stage. Even though there are discrepancies, the spatial and temporal distribution of rainfall is well-represented in the model simulation.



To better understand the differences in rainfall distribution between the schemes (convective structure and temporal evolution of rainfall), the total cloud hydrometeors (Figure 4) are evaluated over the precipitation core region (red rectangle in Figure 3). The domain averaged vertical profiles of the condensates obtained from WDM6 and WSM6 experiments, and their differences are plotted (Figure 4). The distribution of the total hydrometeors is dominant in WDM6 compared to WSM6.



To distinguish the differences between the microphysical schemes, vertical distribution of both the total and individual hydrometeors during developing and dissipating stages of the severe convective system are analysed (Figure 4). Vertical distribution of the total cloud hydrometeors showed the varied distribution between the schemes (WDM6/WSM6). Overall, WDM6 showed more hydrometeor content compared to WSM6 in the developing stage.



The vertical profiles of individual hydrometeors (qc, qi, qr, qs, qg) are averaged over the precipitation core region in various stages of the system (Figure 5). During the developing stage, the mean distribution of individual hydrometeors (qc, qr, qs, qg) dominated in WDM6 (solid line) compared to WSM6 (dotted solid line), particularly more rain and cloud water mixing ratio are noticed in WDM6. Both schemes followed a similar distribution of solid hydrometeors (qi, qs, qg) related to cold-rain processes above the freezing level, however, the intensity is greater in WDM6, whereas the liquid hydrometeors (qr, qc) in connection to the warm-rain processes has showed larger differences in distribution. Increased qr in WDM6 in the lower levels can be attributed to the active conversion of cloud droplets to rain. An increase in qs distribution (WDM6) can be due to the effective conversion from cloud ice to snow through the snow accretion as reported in previous studies [60]. However, both simulations produced similar profiles for ice (qi) as WDM6 follows the cold-rain processes of WSM6 and the additional processes in the WDM6 scheme may not affect the ice-phase properties directly, so this must originate from the difference from warm-rain processes. In the dissipating stage, more qc and less qs are noticed in WDM6 (WSM6), however, the other hydrometeors produced similar profiles in both schemes.



To further address the differences between the schemes, the distribution of rain number concentration (Nr) is investigated (Figure 6). It is important to note that Nr is a prognostic variable in WDM6 whereas a diagnostic variable in WSM6. For comparison, Nr is also computed using WSM6 [33]. Details are provided in Table 1. High Qc at lower levels in WDM6 can be attributed to the presence of cloud condensation nucleation. The higher Nr in the double-moment approach led to enhanced evaporation below, with a few raindrops dropping to the ground over the stratiform region.




5.2. Assessing the Rain Number Concentration


WDM6 has vastly diverse cloud water and rainwater distribution structures compared to WSM6; as cloud water and rain number concentrations are included in WDM6, the auto-conversion rate of cloud water into rain and the accretion rate of cloud water by rain are also changed (Figure 5). Furthermore, higher rainwater areas are in lower levels and closer to the surface in WSM6 whereas more rainwater (Figure 5) is evident in relatively higher levels as more cloud water has been converted to form rainwater against the lower cloud water number concentration (Figure 6). More rainwater in the higher levels is noticed in WDM6 as more cloud water transformed to form rainwater against the lower cloud water number concentration.



As the warm rain physics for clouds and rain are alike for both single- and double-moment schemes, the differences among the two simulations are mostly due to the prognostic rain number concentration in the WDM6 scheme. To further investigate the differences in the vertical distribution of the total cloud hydrometeors, the rain number concentration is plotted. Basically, in WDM6, the rain number concentration is a prognostic variable that is not available in WSM6 and is computed based on the particle density [60]. Higher values of Nr are evident in WDM6 compared to WSM6. The rain particle mass is also greater, and the vertical distribution is also different due to the varied assumptions of the rain number concentrations in both schemes. Size-sorting is clear in WDM6 from the rain particle mass (Figure 6e) as smaller droplets evaporate at higher levels and larger droplets reach lower levels. The resulting change in the mean fall speed also contributed to the top-heavy qr profile (Figure 5). WSM6 maintained a more uniform size distribution (Figure 6b) through the precipitating layer and has similar mean size to WDM6 (Figure 6e) near the surface along with rain rates. These differences in rain number concentration between the schemes contributed to the varied representation of the rain mixing ratio profile. Furthermore, WDM6 (Figure 6f) simulated more rain particle mass at the surface in the developing stage compared to WSM6 (Figure 6e), which could be due to enhanced melting of solid ice elements.



Furthermore, the cloud mixing ratio along with cloud number concentration is also investigated (Figure 7), considerable differences in vertical distribution is noticed between the schemes (top panel, Figure 7), which can be attributed to the inclusion of the number concentration in WDM6, which affects the cloud particle mass (lower panel, Figure 7). Significant differences in vertical distribution of cloud mixing ratio are noticed between the schemes (top panel, Figure 7), which can be due to the inclusion of number concentration in WDM6, which affects the cloud particle mass (lower panel, Figure 7). The cloud droplet sizes in WDM6 are generally smaller than in WSM6. The formation of rain seems to deplete the number of cloud droplets and did not affect the mean droplet mass in the double-moment scheme. In the single-moment scheme, the number is specified, so the mean droplet mass is reduced as rain forms, but the overall qc profile distribution is similar during the developing stage (left panel, Figure 5) and few differences are noted at lower levels in the dissipating stage (right panel, Figure 5).



Differences between the single- and double-moment schemes (WDM6/WSM6) can be attributed to the prognostic versus diagnostic rain number concentrations in microphysical terms. The 2M approach allows for more flexibility in size distribution, permitting the mean diameter to evolve in contrast to the 1M approach and improved the simulation of the cloud vertical structure and storm dynamics. For source and sink terms in warm-rain processes, the formulae in WSM6 are adopted. The formulation of warm-rain processes are similar in both WSM6/WDM6; however, the prognostic treatment of the number concentration of cloud and rain can influence the ice processes indirectly and affect the simulation. It is to be recalled that due to the differences in warm-rain processes, rainfall simulations from WSM6 and WDM6 have a different precipitation distribution (Figure 3).



To further examine the intrinsic differences among the microphysics schemes, the latent heating profiles of major transformation processes (condensation, evaporation, and freezing, melting, deposition, and sublimation terms) are analysed (Figure 8). The latent heating and cooling rates caused by the phase change processes of water are vital for providing the energy source for the convective system, thus modifying the vertical temperature structure. Diabatic heating–cooling processes at varying heights in diverse microphysics schemes are obtained by averaging the tendencies at each grid pixel in the convective or stratiform region.



It is evident that a varied vertical distribution is evident between the schemes; particularly in the developing stage (around 18 UTC), the net heating rate is more uniform, however, it is multicellular in WDM6. For further investigation, individual heating rates from major transformation processes (condensation, evaporation, melting, freezing, sublimation, and deposition) are studied. Major differences are evident from the condensation and evaporation processes in connection with the warm-rain processes. These can be related to the inclusion of CCN activation and rain number concentration in the WDM6, which further impact the warm-rain processes. In detail, increased (reduced) LH evaporation in WDM6 during the developing (dissipating) stages (Figure 9) can be attributed to differences in the predicted rain size distribution intercept parameter in WDM6, which was specified as constant in WSM6. In the developing stage, rain evaporation tends to be higher in WDM6 as the smaller droplets are concentrated there. [18] further demonstrated that in an idealized 2D storm experiment, the double-moment scheme enhanced the precipitation activities by reducing the rain evaporation in the trailing stratiform region compared to the 1M scheme, leading to amplified stratiform precipitation at the surface, a weakened cold pool, and a more realistic vertical profile of radar reflectivity, whereas the convective activities in the convection core region are weakened due to differences in the rain evaporation rate through variable raindrop size distribution. In contrast, the heating rate (deposition, freezing, melting) related to cold-cloud processes does not show many differences between the simulations as both schemes followed the same assumptions regarding cold cloud microphysical processes. In terms of organized deep convection, key processes that are affected by using two-moment versus one-moment schemes include particle size sorting and rain evaporation [20,21,26].



The mean latent heating profiles during the developing and dissipating stages between the single- and double-moment schemes showed that more condensation, freezing, and deposition (warming process) are evident in WDM6 (Figure 10a) along with high evaporation (cooling processes) compared to WSM6 (Figure 10c). During the dissipating stage, overall, more evaporation is evident in WDM6 (Figure 10b) compared to WSM6 (Figure 10d). It is noticed that the change in cold-cloud processes along with CCN activation affected the vertical distribution of the cloud and storm dynamics, and subsequently the rainfall distribution.




5.3. Impact of Change in CCN


The aerosol effects on the cloud rain properties and surface precipitation are also investigated by varying the initial CCN number concentration to understand the effect of CCN in the vertical structure of cloud and storm dynamics. Aerosol distributions can influence the cloud droplet size distributions, warm- and cold-rain processes and affect the depth of mixed phase regions. The effect of increasing the aerosols on deep convective clouds and differences in aerosol effects for two microphysics schemes are examined. Furthermore, the impact of changing the aerosol concentration on the vertical structure of the storm is also investigated by varying the number and mass of aerosols at the initial time. In the control experiment, the initial CCN number concentration of (100 cm−3) is employed in the WDM6 microphysics scheme. Additional experiments by changing the CCN to 1000 cm−3 are also considered for study. Accumulated rainfall distribution with a change in the aerosol conditions in the model simulations are investigated (Figure 11).



It is evident that the pattern correlation improved to 0.615 with increase in CCN (Figure 11c), which signifies the importance of aerosols on the cloud vertical distribution and subsequent rainfall. For a deeper investigation, the LH profiles are also studied. Figure 12 shows the simulated cloud hydrometeors, LH rates and reflectivity from the numerical simulations based on different initial CCN number concentrations. Increased CCN (1000) resulted in differences in the total hydrometeor content, net heating rate; the main differences are noticed in the heating rate terms of freezing and rain evaporation. An amplified LH rate for evaporation and freezing is noted with an increase in CCN concentration. Greater freezing of cloud droplets and associated latent heat release above the freezing level can increase the hail growth and enhance the cold-rain processes, affecting the vertical distribution of cloud.



To be consistent with the previous observational studies, relatively elevated drop concentrations in the convective core due to collision–coalescence versus low drop concentrations in the stratiform region due to the enhanced rain formation by the melting process of ice particles are reproduced by the double-moment approach [60].



Greater freezing of cloud droplets and associated latent heat release above the 0 °C isotherm can enhance the growth of large hail and cold-rain processes. Aerosol distributions can influence the cloud droplet size distribution, warm-rain process, cold-rain process, and the depth of mixed phase regions. Furthermore, the hydrometeor content, LH distribution, and LH of evaporation and absorption by freezing is increased (right panel, Figure 12), which alter the warm- and cold rain processes, vertical distribution of cloud, and subsequent rainfall.



To study the effect of the net latent heating rate on microphysical processes, the contribution of different microphysical processes from WRF simulations (1M, 2M, and change in CCN) is also investigated (Figure 13).



Between the 1M and 2M schemes, the inclusion of CCN in the later has an impact on the condensation, deposition, and ice generation terms. In 1M, a high contribution from snow deposition and ice generation is evident, however, in 2M, lower values of ice deposition and ice generation is noted along with the contribution from graupel accretion, a deposition which is missing in 1M. An increase in CCN also showed a similar contribution with a slight increase in contribution from ice generation and graupel accretion. For cooling processes, in the 1M scheme contribution of sublimation (snow, graupel, ice) is evident, however, from cloud evaporation it is very low, which is more notable in 2M. For 2M, a contribution from evaporation (rain, cloud), sublimation (snow), and melting is noted. Similar features are also noted with an increase in CCN simulation (Figure 13).




5.4. Evaluation of Simulated Net Latent Heating Rate with Diabatic Heating Rate Terms from ERA5 Analysis


To compare the simulated latent heating rate from both the 1M and 2M schemes, heat source and moisture sink terms (Q1, Q2) are computed (Figure 14) based on Yanai et al., (1973) [45] using ERA5 reanalysis data (ECMWF Reanalysis v5, https://climate.copernicus.eu/, accessed on 28 September 2023). In general, Q1 describes the total diabatic heating associated with the surface heat flux, latent heating, and radiation (Figure 14d), and Q2 (Figure 14e) represents the latent heating due to condensation and evaporation processes and sub-grid scale heat flux.



From Figure 14, it is noticed that the Q2 profile based on ERA5 (Figure 14e) is reasonably matching with the simulated net latent heating rate from WDM6 (Figure 14b) compared to WSM6 (Figure 14a). In particular, the multicell structure is clearer in WDM6. A comparison of the heating terms with the simulated latent heating process can be further helpful to assess and discriminate the specific heating processes in the atmosphere. It is also evident that significant differences are noted with changes in the microphysical processes. Therefore, it is a helpful proxy to test the sensitivity of different microphysical schemes and further improve the microphysics and convective processes.





6. Conclusions


Current study deals with the effect of different microphysical schemes on the simulation of a mesoscale convective system formed over the Korean Peninsula associated with the frontal forcing (Changma front). Warm moist air intrusion by a south-westerly low-level flow towards the Korean Peninsula has created an unstable atmosphere favourable for severe convection. Four nested domain (27, 9, 3, 1 km) simulations using the two-way nesting method are considered for simulation using the WRF model. Numerical experiments are conducted by changing the cloud microphysics options (WRF and KIM physics) to examine the sensitivity as the microphysics largely affect the storm dynamics and precipitation simulations. Particularly in terms of organised deep convection, key processes are influenced by using two-moment versus one-moment schemes including particle size sorting and rain evaporation [18,70]. Model simulations are evaluated using the AWS and TRMM measurements. For a deeper investigation of the differences in single- and double-moment microphysical schemes, latent heating rates are computed using microphysical transformation terms. Differences in the simulations between the schemes are thoroughly investigated by examining the rain particle mass. Furthermore, the effect of change in the cloud condensation nuclei (aerosol content) on the vertical growth of the cloud also examined.



Based on the temporal evolution of rainfall distribution, developing and dissipating stages over the precipitation core region are considered. Six categories of phase transformation processes (condensation, evaporation, deposition, sublimation, freezing, and melting) that represent the heat release or absorption during different phases of the severe convective system are considered for latent heat computation [9,47]. Over the innermost domain, the model simulated rainfall against the AWS observations revealed that the spatial distribution of rainfall is better simulated in WDM6 with improved pattern correlation. The distribution of the sum of the total hydrometeors dominated in WDM6 compared to WSM6. The individual distribution of liquid hydrometeors (rain, cloud) is comparatively higher in WDM6 with fewer differences in solid hydrometeors in the developing stage. Furthermore, WDM6 produced more spread than WSM6 below the melting layer due to its double-moment treatment of warm-rain processes. In the dissipating stage, WSM6 and WDM6 have similar vertical spread structures for solid hydrometeors due to their similar ice-phase formulas.



Further investigation of the rain number concentration (Nr) showed higher values of Nr in WDM6 compared to WSM6. The rain particle mass is also greater in WDM6, and the vertical distribution is different due to the varied assumptions of rain number concentrations in both the schemes. Differences between the single- and double-moment schemes (WDM6/WSM6) can be attributed to the prognostic versus diagnostic rain number concentrations in the microphysical terms. The updated warm rain physics (e.g., auto conversion and accretion processes based on the stochastic collection equation) and the double-moment approach for liquid species appeared to improve the performance of the WDM6 scheme in comparison to WSM6. An increase in CCN (aerosol) enhanced the rainfall distribution with more hydrometeor distribution. It can be inferred that the change in aerosol increased the net latent rate due to an increase in the LH evaporation and freezing process due to variations in the warm- and cold-cloud processes, cloud vertical distribution, and subsequent rainfall. Compared to WSM6, the simulated LH profile from WDM6 is more consistent with the source and sink terms computed from ERA5.



The present study thus demonstrates that the inclusion of the number concentration of rain and cloud, and cloud condensation activation along with the mixing ratio of cloud hydrometeors in WDM6 improved the storm morphology over different stages of the system. Although only one case study was performed, the present results (evaluation of latent heating profiles) suggest a strategy for further improving the microphysics schemes. Further investigation can be carried out with more case scenarios (different geographical regions, background forcing mechanisms, and modelling experiments), which forms the basis of future study. To generalise the latent heating structure, more cases over different regions are necessary as the cloud vertical structure varies based on the geographical region and season [53,71]. A more vigorous examination of varying weather systems (thunderstorms, monsoon depressions, and tropical cyclones, etc.) is required to provide broader results, and more case studies need to be examined to draw statistically significant conclusions. Uncertainty in the sampling strategies of observational and reanalysis products (TRMM/ERA5) can also limit the validation of model simulations [72]. Furthermore, sophisticated microphysics parameterisation schemes (multi-moment, bin type) can also be evaluated, which may have more flexibility to describe the microphysical processes. In addition, the scale dependence of the cloud microphysical response to turbulent entrainment-mixing parameterisations also needs to be accounted for as it affects the warm cumulus and stratus clouds [37,38]. Thus, the current study is very useful for both research and operational applications viz., deep evaluation and the further development of physics modules for both cumulus and microphysics and their interactions [9]. Choosing the right physics schemes for a severe convective event (season/region wise), particularly for regional NWP models, is needed to improve the operational forecasting. Even with continuous improvement in different components of the NWP models [8,73,74,75]), the location and intensity forecast of these severe convective systems are still challenging, so also monitoring these prognostic products, along with the basic and diagnostic meteorological parameters, can provide added guidance to improve the nowcast warnings [76] of these MCSs, which have great socio-economic importance.
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Appendix A




	Abbreviation
	Description of Production Rates of Microphysical Transformation Terms

(Lim and Hong, 2010) [60]



	Pr_cond
	condensation/evaporation rate of cloud water



	Pr_cact
	Activation of cloud condensation nuclie



	Pr_raut
	autoconversion of cloud water into rain



	Pr_saut
	autoconversion of cloud ice into snow



	Pr_gaut
	autoconversion of snow into graupel



	Pr_revp
	evaporation-condensation rate of rain



	Pr_sevp
	evaporation of melting snow



	Pr_gevp
	evaporation of melting graupel



	Pr_idep
	deposition-sublimation rate of ice



	Pr_sdep
	deposition-sublimation rate of snow



	Pr_gdep
	deposition/sublimation rate of graupel



	Pr_imlt
	instantaneous melting of cloud ice



	Pr_smlt
	melting of snow



	Pr_gmlt
	melting of graupel



	Pr_seml
	enhanced melting of snow



	Pr_geml
	enhanced melting rate of graupel



	Pr_racw
	accretion of cloud water by rain



	Pr_sacw
	accretion of cloud water by snow



	Pr_gacw
	accretion of cloud water by graupel



	Pr_gacr
	accretion of rain by graupel



	Pr_sacr
	accretion of rain by snow



	Pr_iacr
	accretion of rain by cloud ice



	Pr_racs
	accretion of snow by rain



	Pr_gacs
	accretion of cloud ice by graupel



	Pr_raci
	accretion of cloud ice by rain



	Pr_gaci
	accretion of cloud ice by graupel



	Pr_saci
	accretion of cloud ice by snow



	Pr_igen
	generation (nucleation) of ice from vapor
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Figure 1. 48-h accumulated rainfall in mm (00 UTC 15 July 2017–00 UTC 17 July 2017) using (a) TRMM Multisatellite Precipitation Analysis (TMPA) observations, (b) time series of three hourly accumulated rainfall (mm) over the precipitation core (126–130° E, 36–38° N, solid red box in (a)) and precipitation band (116–132° E, 32–39° N, solid grey box in (a)). (c) Radar image of rainfall rate and (d) satellite image (KMA) at 20 UTC of 15 July 2017. Black open circle in (a) represents the Cheongju region. 
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Figure 2. (a) Nested domain model configuration along with orography shaded (m), (b) Zoomed innermost domain. 
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Figure 3. Spatial distribution of 48 h accumulated precipitation in mm (00 UTC 15 July 2017–00 UTC 17 July 2017) using (a) AWS, (b) Tropical Rainfall Measuring Mission (TRMM), (c) WRF model numerical simulation (WSM6), (d) WDM6, and (e) temporal distribution of rainfall between the TRMM and WRF model simulations over the precipitation core region. 
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Figure 4. Time height distribution of the total hydrometeor distribution over the precipitation core region. (a) WDM6, (b) WSM6, and (c) difference between the schemes. 
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Figure 5. The vertical distribution of different hydrometeors averaged over the developing and dissipating stages of the severe convective system (solid line (dotted solid line) corresponds to the WDM6 (WSM6) schemes). 
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Figure 6. Time height distribution of the (a,b) rainwater mixing ratio, (c,d) rain number concentration, and (e,f) rain particle mass (×106) over the precipitation core region in the WSM6 (left panel) and WDM6 (right panel) schemes. 
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Figure 7. Time height distribution of the (a,b) cloud water mixing ratio over the precipitation core region from the WSM6 (left panel) and WDM6 (right panel) schemes and the (c) cloud number concentration and (d) cloud particle mass from WDM6. 






Figure 7. Time height distribution of the (a,b) cloud water mixing ratio over the precipitation core region from the WSM6 (left panel) and WDM6 (right panel) schemes and the (c) cloud number concentration and (d) cloud particle mass from WDM6.



[image: Atmosphere 14 01680 g007]







[image: Atmosphere 14 01680 g008] 





Figure 8. Net latent heating rate computed based on microphysical transformation terms using both (a) WSM6 and (b) WDM6. 
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Figure 9. Latent heating rate terms of major transformation process (a,g) Condensation, (b,h) Freezing, (c,i) Deposition, (d,j) Evaporation, (e,k) Melting, and (f,l) Sublimation using WSM6 (left panel), WDM6 (right panel) schemes. 
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Figure 10. Mean latent heating profiles of the major transformation process during the developing (a,c) and dissipating stages (b,d) of MCS in WDM6 (top panel) and WSM6 (bottom panel). 
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Figure 11. The 48-h accumulated rainfall in mm (00 UTC 15 July 2017–00 UTC 17 July 2017) (a) TRMM, (b) WDM6, (c) WDM6 (CCN1000), and (d) WSM6. 
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Figure 12. Vertical Distribution of (a,f) Total hydrometeors, (b,g) net latent heating rate, LH due to (c,h) freezing, (d,i) rain evaporation, and (e,j) reflectivity in the WDM6 (left panel) and WDM6 with CCN_1000 (right panel). 
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Figure 13. Contribution of different microphysical processes from different WRF simulations during the developing phase of the system (warming processes: (a,c,e) and cooling processes: (b,d,f)). 
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Figure 14. Time height cross section of the simulated net latent heating rate (Kh−1) from the WRF simulations: (a) WSM6, (b) WDM6, (c) WDM_CCN1000, and ERA5 reanalysis. (d) Heat Source (Q1) and (e) moisture sink (Q2) terms. 
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Table 1. Formulation of the size distribution of rain and cloud in single- and double-moment schemes.
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	Nr Size Distribution
	WSM6/WDM6
	NRλR exp[−(λRDR)]

NRλR2 exp[−(λRDR)]



	Nc size Distribution
	WSM6/WDM6
	Constant value with Nc = 3 × 108 m−3

nc(Dc) = 3Ncλc3D2cexp[−(λcDc)3]
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