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Abstract

:

In this work, we report the ongoing implementation of online-coupled aerosol–cloud microphysical–radiation interactions in the Brazilian global atmospheric model (BAM) and evaluate the initial results, using remote-sensing data for JFM 2014 and JAS 2019. Rather than developing a new aerosol model, which incurs significant overheads in terms of fundamental research and workforce, a simplified aerosol module from a preexisting global aerosol–chemistry–climate model is adopted. The aerosol module is based on a modal representation and comprises a suite of aerosol microphysical processes. Mass and number mixing ratios, along with dry and wet radii, are predicted for black carbon, particulate organic matter, secondary organic aerosols, sulfate, dust, and sea salt aerosols. The module is extended further to include physically based parameterization for aerosol activation, vertical mixing, ice nucleation, and radiative optical properties computations. The simulated spatial patterns of surface mass and number concentrations are similar to those of other studies. The global means of simulated shortwave and longwave cloud radiative forcing are comparable with observations with normalized mean biases ≤11% and ≤30%, respectively. Large positive bias in BAM control simulation is enhanced with the inclusion of aerosols, resulting in strong overprediction of cloud optical properties. Simulated aerosol optical depths over biomass burning regions are moderately comparable. A case study simulating an intense biomass burning episode in the Amazon is able to reproduce the transport of smoke plumes towards the southeast, thus showing a potential for improved forecasts subject to using near-real-time remote-sensing fire products and a fire emission model. Here, we rely completely on remote-sensing data for the present evaluation and restrain from comparing our results with previous results until a complete representation of the aerosol lifecycle is implemented. A further step is to incorporate dry deposition, in-cloud and below-cloud scavenging, sedimentation, the sulfur cycle, and the treatment of fires.
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1. Introduction


Aerosols play an important role in regulating Earth’s radiation budget by scattering and absorbing incident solar radiation and its reflected component from the surface (direct effect) [1]. Their role in the indirect effect is more complex and entails modifying cloud microphysical and radiative properties. Aerosols serve as cloud condensation nuclei (CCN) and ice nuclei (IN), resulting in an increase in cloud droplet number concentration (CDNC), ice particle concentration, and cloud albedo [2,3,4]. Not long after the discovery, several centers across the globe began modeling their effects in general circulation models (GCMs); however, there remains an uncertainty in quantifying their impacts on the present day and future climate [5,6,7]. Globally, the contribution to these effects made by anthropogenic aerosols is estimated to impart a net cooling at the top of the atmosphere [5]. Uncertainty in the estimation can be attributed to several factors, which include principally the preferred mode of coupling (online or offline) aerosol–climate interactions, followed by the accurate modeling of the aerosol size distributions; their influence on cloud processes; the correct representation of physical properties; and the mixing states, whether external (distinct) or internal (mixed with other aerosol particles). In a unified online-coupled model, an aerosol module is integrated into the GCM, allowing the aerosol processes and feedbacks to be treated consistently with meteorological processes in the same time step. This mode of coupling has shown a better performance in regard to representing the spatiotemporal variability of aerosol distribution and radiative forcing, relative to its offline counterpart [8]. However, an improvement in performance is determined by the details of the complexity represented in the model and comes at the expense of heavy computational time. To help place the aforementioned factors into context, Supplementary Table S1 lists a few studies that briefly summarize the uncertainties in the estimation of radiative forcings for carbonaceous aerosols—black carbon (BC), sulfate, secondary organic aerosol (SOA), dust (DU), and sea salt (SS). For instance, given the warming effect caused by BC, the simulated radiative forcing from offline models is observed to be negative contrary to the online-coupled models [9,10,11,12]. In the case of sulfate, models using a physically based approach yield improved results over models using an empirically based relation [13,14,15,16,17]. The uncertainties can be constrained depending on the correct representation of SOA formation pathways [18,19,20,21]. The complexity in representing the DU cycle in global models results in a variation in simulated emissions by a factor of two [22,23,24,25,26,27,28,29,30,31,32,33]. Lastly, correct representation of the size distribution, loading, and production mechanism of SS in global models can constrain the indirect effect [34,35,36,37,38].



The South American continent exhibits a rich diversity in sources and sinks, characteristics, and spatiotemporal variability of natural and anthropogenic aerosols, viz a giant Amazon ecosystem; biomass burning occurring in the dry season related to cultivation, deforestation, and annual forest fires; pollution from industrial and economic zones; and advection via mesoscale systems [39,40,41,42,43,44,45,46,47]. This diversity adds to the existing challenges in representing aerosols and their parameterizations in GCMs. The Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) involved the participation of about 16 models simulating several time slices (1850–2100) of experiments to obtain an insight into the role of atmospheric chemistry on historical, present, and future climate [48]. About 50% are coupled chemistry–climate models. Shindell et al. [49] evaluated the simulated radiative forcings and aerosol optical depths (AODs) against observations for South America (SA). The annual averaged multi-model mean 550 nm AOD over areas of intense biomass burning is underpredicted (0.15–0.25) compared to satellite observations (0.25–0.45). The spatial extent of the AOD in these areas is underestimated, as well. For the absorbing BC aerosols that can cause positive forcing, the model-simulated absorbing AOD is poorly correlated with satellite data and underestimated by about a factor of two, and the multi-model mean shows negative biases. The inability to capture the transport of aerosols and the missing SOA and nitrate in many models is indicated as a possible reason for the underestimation. A related study using eight coupled chemistry–climate simulations from ACCMIP reports that, despite using the same anthropogenic and biomass burning emissions, models differ significantly in simulating the present-day black carbon burden and deposition fluxes over the southern hemisphere owing to different aerosol-removal mechanisms and the atmospheric state [50].



In another study by Alvim et al. [51], simulated AOD from two global online-coupled aerosol–chemistry–climate models, namely the European Centre Hamburg Model–Hamburg Aerosol Model (ECHAM–HAM) and the Community Atmosphere Model–Modal Aerosol Model (CAM5–MAM3), for the period 2001–2006, are compared with ground-based and satellite observations. Both the models run at about 2° × 2° resolution, with about 30 vertical levels, and use AeroCom II emission fluxes. The simulated seasonal mean 550 nm AOD over South America shows an overall negative bias for all seasons in both models. During the biomass burning season, the underestimation is largest. Next, the simulated monthly mean AOD averaged over 2001–2006 for sites lying around the arc of deforestation, namely Alta Floresta, Rio Branco, and Cuiaba, is compared with the observed AOD and number of fire occurrences. Both models show inconsistencies in representing the AOD variability in the dry season. Extending along the same lines, Alvim et al. [45] used the chemistry component of CAM to study the influence of biomass burning on air pollution by comparing it with the observed carbon monoxide (CO) and Fire Radiative Power (FRP). Two experiments were performed at similar resolutions as the previous study, but for the period 2009–2014—one with tropospheric chemistry and the other with tropospheric and stratospheric chemistry. The study has shown that the inclusion of detailed chemistry, along with removal mechanism, reduces the positive bias in the simulated CO but overestimates AOD, with a high correlation between FRP, CO, and AOD over the arc of deforestation and at the transition between forest and savanna during the biomass burning season in both experiments. The authors conclude that the inclusion of complexity shows improvement in some regions but adversely affects other parameters.



From the studies referred to above, the following can be inferred: (a) Accurate representation of aerosols and their lifecycle in a numerical model is a challenging task because of their complex mechanisms and their influence on meteorology and vice versa; in other words, the feedbacks are still not completely understood. (b) Online-coupled global aerosol–climate models are more veritable in simulating climate. (c) Most of the existing global models show biases in simulating aerosols over SA. Thus, it becomes imperative to implement aerosol interactions coupled online to the Brazilian global atmospheric model (BAM) [52], which currently is the operational numerical weather and subseasonal-to-seasonal (S2S) prediction model at the Centre for Weather Forecast and Climate Studies (CPTEC) and also forms the atmospheric component of the Brazilian Earth System Model (BESM) [53,54,55] used for climate-prediction and climate-change studies. This paper describes the CPTEC’s initiative to incorporate aerosol interactions into its global model, as well as preliminary results. Over the last three decades, BAM has continuously developed to improve weather/climate prediction and atmospheric dynamics studies. BAM can be run in several configurations depending on the objective of the study and available computational resources, for example, using simplified and fast physics (single-moment cloud microphysics, radiation absorption, and scattering over eleven spectral bands, a simplified biosphere model) for climate integrations that include an Eulerian advection scheme; detailed physics (double-moment cloud microphysics, a dynamic vegetation model, and a complex radiation transfer model) with a semi-Lagrangian advection scheme for operational purposes; and other combinations [52,56]. Climate studies using BAM have demonstrated its ability to well represent the determinants of climate variability and teleconnection patterns. However, there are a few areas that require improvements: weak cloud radiative forcing at TOA, overestimation of precipitation in Southeast SA, latent heating, and sensible heat fluxes [57,58,59]. Performance evaluation in operational mode showed improved tropical precipitation with modified convective parameterization and S2S prediction being comparable to similar models from leading centers [60].



Given the numerous years of extensive research and human resources invested by leading centers in developing state-of-the-science global aerosol–chemistry–climate models, the approach to implementing online-coupled aerosol interactions in BAM is to adopt a simplified aerosol representation instead of developing a new (better) aerosol model, and then later extend it to include more complex aerosol processes. The aerosol representation chosen for BAM is a simplified aerosol microphysics (hereafter, referred to as AMIC) module developed at the Pacific Northwest National Laboratory (PNNL) to test aerosol microphysics processes offline. The module was extended and implemented in the Model for Integrated Research on Atmospheric Global Exchanges (MIRAGE) [61] and the National Center for Atmospheric Research’s CAM–MAM [62,63]. Thus, the AMIC module made available to the CPTEC can be considered as a subset (described below in Section 2.1) of CAM–MAM. In this work, we present the implementation of AMIC in BAM. In order to evaluate its performance, feedback is given to the cloud microphysics and radiation schemes in BAM. It is important to note here that AMIC in BAM also provides a structural framework for the inclusion of aerosols and that the task of implementing the feedback is substantial, given the fact that the dynamics and physical parameterizations of the GCMs in online-coupled models (e.g., CAM or ECHAM) have undergone significant enhancements to incorporate aerosol parameterization. The implementation of AMIC feedback enables us to simulate the direct and indirect effects of aerosols, that is, the formation of CCN, changes in CDNC, computation of radiative optical properties, and the resulting radiative forcings. We also note that, for the partial representation of aerosol processes implemented in BAM until now, we rely heavily on remote-sensing observations for evaluation. Comparing the results with previous results from existing global aerosol models requires a complete representation of the aerosol processes in BAM, and this is not viable or conclusive at the current stage of implementation. Therefore, the BAM global simulations are compared with satellite observations, which provide global data. Section 2 describes the implementation of AMIC and its feedback in BAM. Section 3 describes the experimental design and observational datasets used for the model evaluation. The model evaluation, using remote sensing data, is presented in Section 4. Section 5 concludes the presented work with future directions.




2. Model Development


The version of BAM used in this work is the operational version with sigma vertical coordinates. Cloud microphysics by Morrison double-moment scheme [64] predicts mass and number mixing ratios of five hydrometeors, viz cloud droplets, ice, rain, snow, and graupel. The SW and LW radiation scheme is the Rapid Radiative Transfer Model for GCMs (RRTMG) by Iacono et al. [65]. Shallow convection is the Tiedtke [66] diffusion scheme. Deep convection is the Arakawa and Schubert [67] scheme. The land-surface scheme is the Integrated Biosphere Simulator (IBIS) [68,69,70]. In this section, we first describe the AMIC module, followed by the modifications performed in BAM to account for the feedbacks, and finally the aerosol inputs in BAM.



2.1. AMIC—The Aerosol Module for BAM


The aerosol species include sulfate, ammonium, nitrate, primary organic matter (POM), SOA, BC, SS, and DU. The modal approach is adopted where particle size distribution is approximated by lognormal distributions representing modes of particle population. Each mode has multiple species. Within each mode, internal mixing is assumed. Two types of aerosols are treated: interstitial (particles suspended in clear air) and cloud borne (particles attached to cloud droplets). Six trace gases are transported: sulfur dioxide (SO2), hydrogen peroxide (H2O2), dimethyl sulfide (DMS), sulfuric acid gas vapor (H2SO4), ammonia (NH3), and a lumped semi-volatile organic species (SOAG). The aerosol module, like in CAM–MAM, can be run in three modes: a detailed 7-mode (MAM7) with Aitken, accumulation, primary carbon, and fine and coarse modes for dust and sea salt with 31 tracers; a simplified 3-mode (MAM3) with Aitken, accumulation, and coarse modes with 15 tracers suitable for long-term simulations; and a 4-mode (MAM4) with inclusion of a primary carbon mode for treating carbonaceous materials [62,63]. AMIC comprises a suite of aerosol microphysics processes, namely, gas–aerosol exchange, renaming, nucleation, coagulation, and aging. The size representation is achieved by using one or more lognormally distributed modes characterized by number concentration, geometric mean diameter (DgN), and geometric standard deviation (σg). For each mode, both mass (qi) and number (Ni) mixing ratios are predicted by assuming a fixed σg (used in other global climate–aerosol models, viz [61,71]). Moreover, qi and Ni determine the dry sizes, DgN. Gas phase chemistry computes only the loss of SO2 to H2SO4, taking into account the SO2 lifetime of ~2 days. Aqueous-phase chemistry includes the absorption of SO2, H2SO4, and NH3 in cloud water and the production of aqueous-phase sulfate. The production of sulfate from SO2 and H2SO4 occurs in all modes, and its partitioning among each mode is proportionate to the number mixing ratio of cloud-borne species in each mode. The timescale of SO2 absorption is 30 min. Water uptake by aerosols is based on the Köhler theory. For each mode, the aerosol wet radius is calculated from the dry radius, using ambient relative humidity and volume mean hygroscopicity [72]. The aerosol water content and wet density for each mode are computed by using single-particle mean dry and wet volume and water volume. For the clear subarea of a grid cell, gas–aerosol exchange treats simultaneous condensation and evaporation of H2SO4 and SOA gas onto particles, using the Fuchs–Sutugin growth relation, with an accommodation coefficient of 0.65 for H2SO4 [73,74,75]. Homogeneous nucleation of H2SO4 and water vapor resulting in the formation of new particles and their subsequent growth to Aitken mode follows Vehemaki et al. [76] and Kerminen and Kulmala’s [77] parameterization. Renaming involves transferring the larger Aitken-mode particles, which grow as a result of gas condensation and aqueous sulfate production, to the accumulation mode, following Wilson [78]. Coagulation (coalescence) of particles reduces the number concentration, conserving the mass and shifting the size distribution towards larger sizes (Aitken to accumulation mode and Aitken to primary carbon to accumulation mode), following Binkowski and Roselle [79]. Condensation onto the carbonaceous particles and coagulation result in the conversion from hydrophobic to hydrophilic (accumulation) mode (referred to as aging process), involving sulfate and SOA. For the cloudy subarea of a grid cell, renaming, gas–aerosol exchange, and aging of particles are computed if condensation is applicable, but only renaming of particles is calculated otherwise. New particle nucleation and coagulation are not performed in the cloudy subarea. Figure 1 summarizes the AMIC module and incorporation of feedback.




2.2. Feedbacks between AMIC and BAM


2.2.1. Aerosol–Cloud Interactions


To simulate the aerosol–cloud interactions, aerosol activation and ice nucleation were implemented in the Morrison double-moment cloud microphysics scheme. Activation refers to the cloud process where interstitial aerosols are converted to cloud-borne aerosols, and this determines the number of cloud droplets nucleated. The number and mass fraction activated or, equivalently, the cloud droplets nucleated, are based on the Köhler theory, where the number activated is expressed in terms of supersaturation [80]. In global models with multiple aerosols, calculating supersaturation is computationally expensive, so physically based parameterization is used instead. Currently, the Morrison scheme provides two options: a constant CDNC of 250 cm−3 with CCN spectra following a power-law; and using a two-mode lognormal size distribution to derive CCN spectra with fixed DgN (=0.052 μm, 1.3 μm), σg (=2.04, 2.5), and number concentration (=72.2 × 106 m−3, 1.8 × 106 m−3), respectively, for Modes 1 and 2. With AMIC implemented, the two options are replaced with aerosol activation parameterization by Abdul-Razzak and Ghan (hereafter, AG00) [81]. AG00 simulates the activation of cloud droplets due to multiple aerosols. The droplets formed are parameterized in terms of updraft velocity, temperature, density of the air parcel, aerosol number concentration and size distribution, DgN, and volume mean hygroscopicity of each aerosol mode. Strong updrafts or low aerosol number concentrations result in higher supersaturations activating most of the aerosols. However, for weak updrafts, supersaturations affect the number activated less, and CDNC may not be equal to the number of droplets nucleated. Ghan et al. [82] predicted CDNC by accounting for the number nucleated, turbulent transport and droplet loss due to dissipation of clouds. Aerosol activation consistent with the prognostic treatment of droplet nucleation is implemented in BAM. The parameterization of ice nucleation is based on Liu and Penner [83] and replaces the Cooper [84] parameterization in the Morrison scheme. It relates the IN to the aerosol number, temperature, and updraft velocity. Homogeneous freezing of sulfate, immersion freezing of soot (for cirrus clouds), and deposition nucleation in mixed-phase clouds as described by Meyers et al. [85] all play a role in the formation of ice crystals (−40 °C < T < 0 °C). Finally, CCN concentration is computed for six supersaturations (0.02%, 0.05%, 0.1%, 0.2%, 0.5% and 1%) by assuming an internal mixture of multiple externally mixed aerosol modes [86].




2.2.2. Impact of Aerosol–Cloud Interactions on Radiation


AOD and cloud optical depth (COD) quantify the impact of aerosol–cloud interactions on radiation. Calculations of SW and LW aerosol radiative properties—AOD, single-scattering albedo (SSA), and asymmetry parameter (ASY), are adopted from CAM–MAM [87]. Using the concentrations, wet radius and composition simulated by the AMIC module, aerosol extinction coefficients are computed following Mie parameterization. The coefficients are then used to compute the aerosol radiative properties. Additionally, when computing SW aerosol radiative properties, AOD is partitioned into contributions from individual species, and their burdens are diagnosed for visible wavelength. The radiative properties are then coupled to the RRTMG-SW and -LW routines. In the Morrison cloud microphysics scheme, the effective radii of cloud droplets are calculated using CDNC and liquid water content. And COD is a function of effective radii of cloud droplets, cloud ice particles and their column loadings. Thus, the aerosol size distribution affects the computation of COD [88].





2.3. Aerosol Emissions and Forcings


The anthropogenic emissions of SO2, NH3, BC, organic carbon (OC), and particulate matter (PM2.5 and PM10) are from the global bottom-up inventory Emissions Database for Global Atmospheric Research EDGARv6.1 [89]. The monthly sector-specific netCDF files are available for the year 2018 with 0.1° × 0.1° grid spacing. Each variable is an integral of emissions from all the available sectors without any interpolation, and the final monthly emissions were concatenated by using the netCDF Operators suite of programs [90]. The EDGAR data were obtained by using R and processed using R-package eixport [91]. However, this version does not include emissions from large-scale biomass burning with Savannah burning, forest fires, and sources and sinks from land-use, land-use change, and forestry. The aerosol boundary conditions are taken from CAM–Chem at 0.9° × 1.25° horizontal resolution simulation with 56 vertical levels [92,93]. Biogenic emissions are from the online Model of Emissions of Gases and Aerosols from Nature (MEGAN2.1), and fire emissions are from the Quick Fire Emission Database (QFED) CO2 × Fire INventory from NCAR (FINN) emission ratios. The surface emissions fluxes and forcings are re-gridded online to BAM resolution. The SS emissions are generated online in BAM following the parameterizations from Monahan et al. [35] for particles > 2.8 μm and Martensson et al. [94] for smaller particles. The 10 m wind speed and sea surface temperature determine the SS emission fluxes. The fluxes are computed for 31 particle size ranges, from 20 μm to 24 μm, which are later integrated over the modal size ranges. For MAM3 and MAM4, fluxes are partitioned into accumulation, Aitken, and coarse modes. For MAM7, the fluxes are partitioned into accumulation, Aitken, fine SS, and coarse SS modes.





3. Experimental Set Up and Observational Database


Given the limited set of aerosol processes and feedback implemented at this stage of development, two sets of short 1° × 1° BAM experiments in forecast mode, each with and without aerosols, were performed. BAM simulations without aerosols are here referred to as BAM CTRL, where essentially a prescribed CDNC of 250 cm−3 is opted in the Morrison cloud microphysics and power-law CCN spectra. Simulations with online-coupled aerosol interactions, on the other hand, are referred to as BAM AMIC, where MAM4, i.e., a four-mode configuration, and the AG00 aerosol activation scheme are used. In the first set, BAM CTRL and BAM AMIC simulations were performed for January–March 2014 (JFM2014, hereafter). Similar simulations were performed for the period July–September 2019 (JAS2019, hereafter). Meteorological initial conditions were obtained from the National Center for Environmental Prediction reanalysis in SMT (SMooth Topography) mode; prescribed weekly sea surface temperature, sea ice, and soil moisture are used, and outputs are generated every 3 h. Table 1 provides details of the model configuration and physical parameterizations used. MAM4 predicts mass mixing ratios of 18 prognostic species, which include number mixing ratios for each mode. For each mode, the species included, size range, and assumed standard deviation are given in Table 1. The forcings for aerosol species, exclusively simulated for this work by NCAR, are from CAM–Chem simulations. The surface emission fluxes for anthropogenic species are from EDGARv6.1. The emissions for BC, OC, and PM2.5 are given to the accumulation mode; PM10 emissions to the coarse mode; and OC (× 1.4) emissions to the primary carbon mode (Table 1). We note here again that the primary carbon mode in the MAM4 configuration is developed to explicitly treat the primary carbonaceous aerosols produced from biomass burning. Thus, the emissions or concentrations related to biomass burning come from the OC emissions and the CAM–Chem forcings. Fire emissions will be treated in the next version. For BAM AMIC simulations, the computational time has increased by a factor of 2.5, as has the volume of output variables. Mass and number mixing ratios of aerosol and gas-phase species, changes in them resulting from the aerosol microphysics processes, burdens, and radiative aerosol optical properties were saved in binary format, along with meteorological outputs. The global monthly observational data corresponding to the simulated periods were obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) Level 3 [95] and the Clouds and Earth’s Radiant Energy System (CERES) sensors onboard the Terra satellite [96,97]. The total precipitation (in mm/day) is compared with Global Precipitation Climatology Product (GPCP) satellite data [98]. The simulated variables compared with observations include total AOD at 550 nm, shortwave cloud optical depth (COD), cloud fraction (CLDF), cloud liquid water path (LWP), shortwave and longwave cloud radiative forcings (SWCRF and LWCRF), downward shortwave (SWDOWN) radiation, and outgoing longwave radiation (OLR). Satellite observations were re-gridded to BAM resolution for comparison. The model performance was evaluated based on the comparison between simulated variables and observed fields and statistically in terms of their spatial variations, global means, normalized mean bias (NMB), root mean square error (RMSE), and Pearson’s correlation coefficient (R) [99].




4. Results and Discussion


All analyses presented are for the global domain except for a case study presented at the end. Simulated outputs for the first 7 days are ignored to account for the model spin up time. For example, the JAS2019 experiment starts with the atmospheric initial conditions of 24 June 2019. From Brazil’s perspective, the simulation periods overlap with the wet season (JFM2014) and intense biomass-burning season (JAS2019). The results from all four simulations are based on seasonal averages computed from the 3-hourly outputs. In this section, first the simulated global distributions of MAM4 aerosol species from BAM AMIC experiments are analyzed. To understand the influence of aerosol parameterization in BAM, cloud radiative properties and AOD are analyzed and evaluated against observations.



4.1. Global Aerosol Distributions


Figure 2 shows the mean total column mass concentrations of MAM4 species summed over the modes for JFM2014 and JAS2019. For example, concentrations of BC are from accumulation and primary carbon modes. Table 2 gives the global minima, maxima, and mean concentrations. Maximum BC concentrations (>8 mg/m2) are observed over the industrial areas in East Asia and biomass burning region in Central Africa in JFM2014. Moderate concentrations of about 0.5 to 6.0 mg/m2 are observed over South Asia, Europe, Southeast SA, North America, Northern SA, and Central Asia. Similar magnitudes are observed for POM distributions, except for larger contributions of POM over the regions where maximum BC concentrations are seen. For JAS2019, higher BC and POM concentrations are seen over the regions of intense biomass burning in SA and Africa, but comparatively, their concentrations are reduced over East Asia and Central Africa. Relatively, the concentrations over land masses in the northern hemisphere (NH) are also found to be increased. The intense biomass burning occurring in the southern hemisphere (SH) significantly contributes about a 40% increase in global POM concentrations and a 21% in global BC concentrations (Table 2). The 2019 biomass-burning season was one of the most intense biomass-burning seasons observed in over 20 years [42]. In the four-mode configuration, BC and POM are treated in accumulation and primary carbon modes. The explicit treatments for the ageing of carbonaceous particles to accumulation mode and the number of sulfate monolayers for ageing (equal to eight, here) result in an increased concentrations of BC and POM and increased residing time of BC in the primary carbon mode, allowing transport to remote regions, viz Pacific and Atlantic oceans and Arctic. The concentrations are very low over the high latitudes in the SH. Their strong seasonal variability over the biomass burning regions and modest response over industrial regions are also observed in other global models [61,100,101,102]. Similar to BC, SOA concentrations are higher over industrial areas and regions of high biogenic emissions. For the wet season in SA (in JFM2014), the SOA concentrations are relatively low, but they are otherwise higher in East Asia and Southeast Asia. Over higher latitudes in the NH, SOA concentrations are enhanced in JAS2019. Despite seasonal variations, global mean concentrations are similar (<5%).



Sulfate is produced from the oxidation of SO2. AMIC treats sulfate in accumulation, Aitken, and coarse modes. Sulfate is disseminated over the entire globe, with concentrations varying from 2 mg/m2 to over 40 mg/m2 and exhibiting strong seasonality. Over the anthropogenic source regions of East Asia, South Asia, and North America, sulfate concentrations are higher in JFM2014 and lower in JAS2019. The difference in the seasonal global mean is within 10%. The highest concentrations (>700 mg/m2) of mineral dust are observed over the source regions—North China and Arabian Peninsula in Asia, the Sahara, and arid regions in Africa, Western Australia, and southern part of SA. Seasonal variations are observed over source regions in Asia, SA, Southern Africa, and Australia, but high emissions from the Sahara are observed in both seasons. In Oceania, strong wind erosion occurs over the northern and northwestern parts of the continent, driving the emissions, which gradually shift towards the south. The simulations are able to reproduce the latitudinal shift of Saharan dust emissions modulated by the Inter Tropical Convergence Zone (ITCZ), as well as their transport towards the Caribbean and Northeast Brazil. This is consistent with other studies [22,26,61]. In AMIC, SS is treated in three modes: accumulation, Aitken, and coarse. Higher concentrations are associated with regions of strong wind speeds. In both seasons, concentrations exceeding 50 mg/m2 are observed in high latitudes in the North Atlantic, North Pacific, and oceans in the SH. Higher concentrations (>100 mg/m2) are also seen in the South Asia and Northern SA due to strong winds. Northern midlatitudes exhibit stronger seasonal variation compared to SH, corresponding to stronger and weaker wind-speed variability.



The mean number concentrations in the Aitken, accumulation, coarse, and primary carbon mode in the surface layer for both seasons are shown in Figure 3. In all the modes, surface concentrations are highest over primary emissions associated with biomass burning and anthropogenic activity. Overall, the number concentrations in the accumulation mode are higher over continents, which can be a result of the growth of the Aitken mode particles to accumulation mode, and the primary emission of BC, POM, and sulfate particles into the accumulation mode. Concentrations are much lower over oceans, while they exceed 4000 cm−3 over industrial areas in East Asia, South Asia, North America, and Europe, and over biomass burning regions in Central Africa. Moderate concentrations up to 2000 cm−3 are observed over Southeast Brazil, the Northeast United States (US), South Asia, and Europe during JAS 2019. Aitken mode number concentrations are higher over industrial regions with high sulfur emissions, but very low over biomass burning regions. For JAS2019, concentrations <50 cm−3 are observed over the Amazon and Southern Africa. Moderate concentrations up to 50 cm−3 are seen over India and East Asia during JFM2014. Coarse mode comprises of sulfate, DU, and SS. Concentrations up to 12 cm−3 over dust-source regions and 4 cm−3 over the outflow areas are seen in Figure 3c,c’. For the primary carbon mode, maximum concentrations up to 500 cm−3 are seen over the biomass burning regions of Central Africa and Central SA.




4.2. Cloud Microphysical Properties


We have examined the framework of AMIC in BAM subjected to the incoming emissions and forcings in Figure 2 and Figure 3. The BAM AMIC simulated mean cloud microphysical properties, namely vertically integrated column droplet number concentration and CCN at 0.5% supersaturation, for both the seasons are shown in Supplementary Figures S1 and S2, respectively. For JFM2014, concentrations above 2.5 × 106 m−2 are seen over Europe and parts of Western Russia, followed by North America and Canada. Moderate concentrations in regions over the ocean at high latitudes in both hemispheres can be attributed to SS emissions due to high wind speeds. For JAS2019, concentrations up to 7 × 105 m−2 are seen over SA, i.e., over the Amazon, eastern part of Brazil, and Southeast SA. Increased CDNCs are observed over Central India and the Arabian Sea during this period, which is the rainy season over the subcontinent. Maximum CCN concentrations are observed over regions with high emissions of carbonaceous and secondary organic aerosols, i.e., over the industrial and populated areas, biomass-burning regions, and along their outflows or downwind paths. CCN concentrations over SA peak over La Plata basin, which stretches from Northeastern Argentina to South–Southeastern Brazil and receives heat, moisture, and biomass burning products from the Amazon all year. As a consequence, destructive hailstorms are often observed over this mountainous region during late winter and early spring, between September and October [103]. An evaluation of BAM CTRL and BAM AMIC simulated shortwave COD, cloud fraction, and cloud LWP with MODIS observations for both the seasons are shown in Supplementary Figure S3a,b. The cloud fraction is significantly overpredicted in all the experiments, specifically over the higher latitudes in both hemispheres that can relate to higher CDNCs simulated over those regions. Following cloud fraction, shortwave COD is largely overpredicted, while the cloud LWP is significantly underpredicted.




4.3. Cloud Radiative Properties


Simulated cloud radiative forcings (in W m−2) compared with observations from the CERES satellite are shown in Figure 4a,b, following a similar layout, and the model performance is summarized in Table 3 and Table 4. The simulated LW and SW forcing is calculated by subtracting forcing due to cloudy sky from forcing due to clear sky. The variables compared include shortwave cloud radiative forcing (SWCRF), longwave cloud radiative forcing (LWCRF), and outgoing longwave radiation (OLR). The downward shortwave (SWDOWN) radiation is shown in Supplementary Figure S4. For JFM2014 (Figure 4a), simulations without and with aerosols overpredict SWCRF. The observed global mean SWCRF is −40.66 W m−2, while the BAM CTRL and BAM AMIC simulated means are −43.98 and −45.15 W m−2, with an NMB of 8% and 11%, an RMSE of 20.91 and 22.26 W m−2, and an R of 0.84 and 0.82, respectively. Over the southern oceans, comparatively strong cooling is related to SS emissions that scatter light. In the tropics, where absorbing aerosols are higher, the cooling is relatively weak. Simulated LWCRF is underpredicted in both experiments. The observed global mean LWCRF is 22.08 W m−2, while the BAM CTRL and BAM AMIC simulated means are 19.24 and 15.96 W m−2, respectively, with an NMB of −13% and −28%, an RMSE of 10.57 and 11.23 W m−2, and an R of 0.72 and 0.76, respectively.



Over the Amazon and Central Africa, simulations underestimate, and other differences lie over the oceans. Strong overprediction is seen in the simulated SWDOWN radiation over the tropics and midlatitudes. The CERES observations yield a global average of 166.6 W m−2, and simulations yield 267 and 264 W m−2, respectively, for BAM CTRL and BAM AMIC. The sensitivity to the inclusion of aerosols is little. The NMBs are 60% and 58%, respectively, with RMSEs of 1261.1 and 122.9 W m−2. The OLR is overpredicted, with NMBs of 6% and 7.4%, respectively, for simulations without and with aerosols, and it represents poorly over the Amazon and Central Africa. During the biomass burning period in the SH (in the JAS2019 set of experiments), cooling is weak over peak regions. Figure 4b shows overprediction of SWCRF with an observed global mean −38.5 W m−2 and a simulated mean of −55.6 and −42 W m−2, respectively, for the BAM CTRL and BAM AMIC experiments. The NMBs indicate an improvement in the prediction of SWCRF due to the inclusion of aerosols. The SWDOWN shows similar characteristics in both seasons, with higher values over the tropics and midlatitudes. The LWCRF is underpredicted, with NMBs of −10% and −30% and RMSEs of 10.3 and 11 W m−2. The spatial patterns of the simulated OLR are mostly similar in both experiments and are overpredicted with global averages of 236.8 and 243 W m−2, respectively, for conditions without and with aerosols, compared to the observed value of 228.9 Wm−2.




4.4. Aerosol Optical Depth


The simulated total AOD at 550 nm for the periods JFM2014 and JAS2019 compared with the MODIS AOD product is shown in Figure 5 (bottom panel). For JAS2019, when biomass burning is at its peak in the Amazon and Central Africa, spatial patterns of AOD variations are captured in the simulations over these regions, though they are underpredicted. Over the Amazon, MODIS AOD values vary in the range of 0.4–0.6, and the simulated values are moderate (about 0.3); and the difference is much wider over Central Africa. Overall, the simulated AOD is strongly underpredicted, with a MODIS mean of 0.18 compared to the simulated 0.08. NMBs is −58% with RMSE 0.16 and R 0.42. High AOD values are seen over Northern Africa and near the Middle East. Incorporating detailed aerosol processes and aerosol inputs can reduce the bias. For instance, a biomass burning module, such as the most recent Brazilian Biomass Burning Emission Model, could replace the need to use background concentrations from CAM–Chem and improve the simulated AOD.



Spatial patterns over the outflow areas in the tropical Atlantic are captured. Over the Indian region, AOD is moderately predicted, but it is very low over East Asia. Figure 5 (top three rows) also shows simulated AOD explicitly due to AODBC, AODPOM, AODSOA, sulfate (AODsu), AODDU, and AODSS. Over the Amazon, significant contribution is from POM emissions with AODPOM ≈ 0.2, followed by AODBC ≈ 0.05 and AODSOA ≈ 0.04. Over Central Africa, AODPOM ≈ 0.3, followed by AODBC ≈ 0.1 and AODsu ≈ 0.08. Over strong dust source regions, AODDU ≈ 0.6 (Middle East), ≈ 1.0 (Sahara Desert) ≈ 0.16 (Southern SA). Over East Asia, sulfate dominates AODsu ≈ 0.08, followed by BC and POM. Over the oceans, SS contributes up to 0.08. For the JFM2014 period, there is a strong underprediction with NMB = –39%. The simulated patterns agree with observations over India, Central Africa, and the tropical Atlantic, where dust is transported from the Sahara towards SA. Over East Asia, MODIS observations show high values compared to simulated (≈ 0.6). Observed AODs over oceans range from 0.08 to 0.2, while the simulations vary between 0.02 and 0.1. Among the species, contributions of dust and sulfate are significant, with maximum AODsu ≈ 0.5 (South India and Southeast Asia) and AODDU ≈ 0.4 (Central Africa and Australia). The maximum contribution of POM and BC varies between 0.1 and 0.3.




4.5. Other Atmospheric Variables


Precipitation features simulated in BAM CTRL and BAM AMIC for both sets of experiments, along with GPCP daily precipitation, are shown in Figure 6. For the JFM2014 set, which is a wet season in SA, precipitation over the La Plata basin is strongly underpredicted and moderately overpredicted over the South Atlantic Convergence Zone. Over Southern Africa and the Amazon basin, relatively, the simulated precipitation with aerosol included is slightly better. A strong overprediction is observed over the South Pacific. Moderate overprediction is seen over the high latitudes in the NH. Overall, both BAM CTRL and BAM AMIC simulations overpredict with NMBs of 85% and 97% and RMSE of 3.39 and 3.55, respectively (Table 3). In JAS2019 experiments, precipitation over the Indian continent is not well reproduced, and extreme values are observed over the equatorial West Pacific. However, the global means show good agreement with the observations. The NMB is 7% for BAM CTRL, with an RMSE of 3.72; and 14% for BAM AMIC, with an RMSE of 3.85 (Table 4).



Comparing the 2 m temperature simulated in BAM CTRL and BAM AMIC simulations, the inclusion of aerosols slightly increased the temperatures over equatorial and midlatitudes in both seasons (Supplementary Figure S5). On the contrary, 2 m specific humidity is reduced, leading to drier conditions due to the presence of aerosols.




4.6. Case Study


Biomass burning in the Amazon during the dry season has witnessed unprecedented increase in recent years. Mesoscale dynamical systems transport aerosol particles downwind towards populated areas, impacting regional weather [43,46]. August 2019 is considered the worst biomass burning season in the Amazon, during which smoke from the Amazon is transported down south, causing darkness over Sao Paulo during the daytime. Using the new CPTEC–WRF–Chem modeling framework, Vara-Vela et al. [42] reported a case study predicting the arrival of smoke down Southeast. As noted above, BAM is an operation model in CPTEC. In order to test the performance of BAM AMIC for an extreme aerosol-loading scenario, we ran a short BAM AMIC experiment following the configuration in Table 1 for the period 13–22 August 2019. The meteorological initial conditions and prescribed weekly sea surface temperature are generated for 13 August 12:00:00. Figure 7 shows the evaluation of the simulated daily averaged AOD 550 nm over SA against MODIS observations during the period 16–19 August. Relatively, the simulated AOD magnitude is lower but the model reproduces the spatial distribution from Central Amazon towards Southeast. Comparing the results with Figure 3 of the reported study [42], performance of BAM AMIC can be improved by incorporating treatment of fires in BAM and use of real-time fire products. The CPTEC–WRF–Chem modeling system performs as good as the ECMWF–Copernicus Atmosphere Monitoring Service owing to the use of near-real-time remote-sensing fire products.



Figure 8 compares the BAM AMIC simulated and CAM–Chem generated vertical distribution of zonally averaged mass concentrations of BC and POM during 15–22 August 2019, over latitudes 30° S–0°. Both models show biomass burning plumes being transported towards southern regions, with CAM–Chem showing more uniform distribution of aerosols with latitudes between 0° and 14° S, while in BAM AMIC, the plumes are restricted to a region between 6° and 14° S. However, the estimated burned area retrieved from satellite fire products shows comparatively much less fires over latitudes between 0° and 6° S for August 2019 (Supplementary Figure S1 in [42]), thereby indicating that the aerosol plumes are more realistically represented in BAM AMIC simulations [104]. Moreover, the BC and POM emissions are uplifted (surface level concentrations are 30–50% lower in emission areas compared to upper levels in the lower troposphere) and transported down south, thus indicating that BAM with aerosol parameterization is able to simulate advection and vertical mixing (Figure 8).





5. Conclusions


The preliminary results of the ongoing implementation of online-coupled aerosol interactions in global BAM were presented. The aerosol–chemistry–climate is a complex tightly coupled system that requires accurate representation of the mechanisms and feedbacks in a GCM. Several independent evaluation studies reported biases in representing climate over SA, and models differ widely in estimating the direct and indirect radiative forcings due to aerosols. Modeling centers such as PNNL, NCAR, and ECMWF have invested years of continued research in building state-of-the-science global aerosol–chemistry–climate models. From the implementation standpoint, it can be conjectured that significant modification is required in a GCM for the coupling. Realizing the humongous efforts required, CPTEC’s approach involves adopting a simplified aerosol module from NCAR in BAM rather than developing a better aerosol model, and subsequently extending it to include more complex aerosol processes. As seen from Supplementary Table S1, the online-coupled mode of interactions between aerosols and GCM treats the feedback mechanism in totality, providing a more realistic representation. The aerosol module is a microphysical subset of CAM–MAM that prognostically treats six aerosol species, namely BC, POM, SOA, sulfate, dust, and sea salt, partitioned into different lognormally distributed modes (seven-mode, four-mode, or three-mode) and computes aging, condensation, coagulation, nucleation, and renaming. A comparative study on the impacts of aerosol size distribution on aerosol–cloud interaction, using the modal (with both fixed and varying σg) and sectional approach in a single column version of this module in MIRAGE, has shown good agreement between the modal and sectional partitioning [105]. The module has been ported to BAM in an online-coupled mode and has been expanded to include feedback to Morrison double moment cloud microphysics and radiation schemes. A physically based treatment for aerosol activation [81], along with vertical mixing and CCN at different supersaturations, was implemented. Aerosol optical properties based on the Mie theory of scattering were computed. We note that, for the partial representation of aerosol processes implemented in BAM until now, we relied heavily on remote-sensing observations for model evaluation. Comparing with previous results from existing global aerosol models requires a complete representation of aerosol processes in BAM and is not viable or conclusive at the current stage of implementation. Therefore, the BAM global simulations are compared with satellite observations, which provide global data.



To assess the performance of the new parameterization, experiments without and with aerosols for two different periods, namely JFM 2014 and JAS 2019, were performed and evaluated by using satellite-based observations from MODIS, CERES, and GPCP. Firstly, the column integrated mass and number concentrations of the aerosol species were examined to understand the simulated distribution of aerosols in response to the inputs. Overall, the imprint of the intense biomass burning events in the Amazon is seen in the simulations [106,107]. BC, POM, sulfate, and dust species exhibit varying degrees of seasonality. The simulated spatial patterns are as expected from other studies. For instance, the latitudinal shift of Saharan dust emissions modulated by the ITCZ is captured in simulations. Similarly, BC and POM emissions from the biomass burning and their transport downwind are fairly simulated, as well. On the other hand, biogenic emissions over the Amazon and high sea salt emissions over the north and northwest of India are not well represented. The simulated seasonal variations in CDNC and CCN at 0.5% supersaturations are relatable to the distribution of mass and number concentrations. The indirect effect of aerosols is very sensitive to the aerosol activation scheme. Studies have shown improvement in CDNC and CCN predictions from using more detailed activation schemes in place of AG00, but they have also reported an increase in the computational times [108,109]. The model simulates aerosol optical depth as an integral, as well as for individual species. Relating to the mass and number distributions, over biomass burning and outflow regions, desert and arid regions, and industrial areas, the AODs are modestly simulated. AOD is underpredicted in both the seasons with NMBs −39% and −58% for JFM 2014 and JAS 2019, respectively. Simulated cloud properties, such as shortwave cloud optical depth, cloud fraction, and cloud liquid water, path have shown significant departures from MODIS data. The simulated cloud fraction in the experiment with no aerosols has a large positive bias and can be related with strong overpredictions of other variables. Experiments with aerosols increased the bias, leading to large deviations from observations. The simulated shortwave radiative forcing and outgoing longwave radiation have acceptable over-predictabilities with NMB ≤ 10%, while the longwave cloud radiative forcing is underpredicted with NMB ≤ −30. A short 10-day experiment simulating the 15–22 August 2019 intense biomass burning event, which resulted in the transport of smoke plumes down Southeast SA, was performed. BAM AMIC could reproduce the spatial pattern of the transport of aerosol particles emanating from Central Amazon on 16 August towards the southeast on 19 August. In addition, the vertical distribution of BC and POM over the Amazon and Southeast SA shows a realistic representation of vertical uplift and advection of smoke plumes towards the south. These results seen alongside CPTEC–WRF–Chem and ECMWF–CAMS predictions, and with BAM being an operational model in CPTEC, advocates for a future study to be performed to examine the predictability of BAM (with AMIC), with treatment of fires incorporated and usage of near-real-time fire products.



The current study is crucial for assessing the indirect effect simulated by the new parameterization before moving towards representing the complete aerosol life cycle in the Brazilian global model. Future work includes improving the cloud optical properties and implementing dry and wet deposition, scavenging, sulfur cycle, and other complex mechanisms to treat biomass burning aerosols, secondary organic aerosols, and volatile organic compounds.
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Figure 1. Flowchart of the AMIC module incorporated into the physical parameterization of BAM. Outputs from AMIC are fed to cloud microphysics, cloud optical properties, and radiation routines to compute aerosol activation, changes in cloud optical properties, and aerosol radiative properties, respectively. 
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Figure 2. Total column mass concentrations (in mg/m2) of MAM4 species (BC, POM, SOA, sulfate, DU, and SS) summed over modes in BAM AMIC experiments. (a–f) (left panel) Averaged for JFM2014 period, and (a’–f’) averaged for JAS2019. 
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Figure 3. Number concentrations (per m3) for the Aitken, accumulation, coarse, and primary carbon mode averaged for the periods (a–d; left) JFM2014 and (a’–d’; right) JAS2019 in BAM AMIC experiments. 
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Figure 4. Model evaluation of cloud radiative properties for (a) JFM2014 and (b) JAS2019. Simulated means from BAM CTRL (left column) and BAM AMIC (right column) are compared with CERES satellite observations (middle column) corresponding to a similar period. Variables evaluated include shortwave cloud radiative forcing (SWCRF), longwave cloud radiative forcing (LWCRF), and outgoing longwave radiation (OLR). 
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Figure 5. Model evaluation of aerosol optical depth (AOD) at 550 nm for the JFM2014 (left panel) and JAS 2019 (right panel) periods in BAM AMIC experiments. Simulated mean (JFM and JAS) AODs for BC, POM, SOA, sulfate, dust, and sea salt (a–f; a’–f’). Total AOD (g,g’) is compared with MODIS observations (h,h’) for respective periods. 
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Figure 6. Model evaluation of total precipitation (mm/day) based on GPCP satellite data for simulations without and with aerosols in the JFM2014 (left panel) and JAS2019 (right panel) sets. 
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Figure 7. Spatial distribution of AOD during the intense biomass burning event of 16–19 August 2019 over the Amazon from MODIS (top) and BAM AMIC (bottom). 
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Figure 8. Vertical distribution of the mass concentrations (in mg/m2) of BC and POM during the intense biomass burning event of 15–22 August 2019 over Amazon simulated by BAM AMIC (top) and CAM–Chem. 
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Table 1. Model configuration and simulations.
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Simulation Period

	
January–March 2014 and July–September 2019






	
BAM Configuration

	
Ref.




	
Domain

	
Global

	
[52]




	
Horizontal resolution

	
T126 (1° × 1°)

	




	
Vertical resolution

	
42 sigma levels

	




	
Microphysics

	
Morrison double-moment

	
[64]




	
Shallow convection

	
Tiedtke

	
[66]




	
Deep convection

	
Arakawa and Schubert

	
[67]




	
Radiation

	
Rapid Radiative Transfer Model for GCMs

	
[65]




	
Land surface

	
Integrated Biosphere Simulator (IBIS)

	
[68,69,70]




	
Meteorological ICs

	
National Center for Environmental Prediction FNL

	




	
AMIC Configuration

	




	
Modal configuration



Aerosol species







Gas species

Geometric size (DgN) and

standard deviation (σg)





Aerosol activation

Emission fluxes and forcings

	
4-mode (M1: Accumulation; M2: Aitken, M3: Coarse; M4: Primary carbon)

M1: sulfate, BC, POM, SOA, DU, SS, NUM

M2: sulfate, SOA, SS, NUM

M3: sulfate, DU, SS, NUM

M4: POM, BC, NUM

SO2, H2SO4, DMS, SOAG, H2O2

M1: 0.1 μm < DgN < 1.0 μm; σg = 1.6

M2: 0.01 μm < DgN < 0.1 μm; σg = 1.8

M3: 1.0 μm < DgN < 10 μm; σg = 1.8

M4: 0.02 μm < DgN < 0.2 μm; σg = 1.6

Abdul-Razzak and Ghan

surface: SO2, BC, OC, PM2.5 PM10 (EDGARv6.1)

BC, OC, PM2.5 → M1; PM10 → M3: DU;

1.4 × OC → M4: POM

forcings: CAM-chem (0.9° × 1.25°; 56 hybrid levels)

SS emission: cut-off size range (μm) 0.02–0.08 (M2); 0.08–1.0 (M1); 1.0–10 (M3)

	
[63]





















[81]







[92,93]

[35,94]






	
Experiments for each simulation period

	
1. BAM CTRL—no aerosols, constant CDNC

	




	
2. BAM AMIC




	
Observational data

	




	
CERES

	
SWCRF, LWCRF

	
[96,97]




	
MODIS

	
CF, AOD

	
[95]




	
GPCP

	
Total precipitation

	
[98]
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Table 2. Global mean total column mass concentrations (in mg/m2) of MAM4 species (BC, POM, SOA, sulfate, DU, and SS) summed over modes for JFM2014 and JAS2019 in BAM AMIC experiments.






Table 2. Global mean total column mass concentrations (in mg/m2) of MAM4 species (BC, POM, SOA, sulfate, DU, and SS) summed over modes for JFM2014 and JAS2019 in BAM AMIC experiments.





	

	
JFM2014

	
JAS2019




	

	
Min

	
Max

	
Mean

	
Min

	
Max

	
Mean






	
BC

	
0.03

	
70.17

	
0.46

	
0.03

	
66.95

	
0.55




	
POM

	
0.11

	
208.58

	
1.97

	
0.13

	
192.41

	
2.77




	
SOA

	
0.0

	
2449.83

	
0.68

	
0.0

	
2504.90

	
0.66




	
Sulfate

	
0.96

	
1138.78

	
4.13

	
0.71

	
1369.17

	
4.62




	
DU

	
0.17

	
9769.65

	
74.35

	
0.05

	
11,222.20

	
95.11




	
SS

	
0.46

	
196.41

	
24.72

	
0.44

	
531.77

	
26.84
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Table 3. Model performance statistics of cloud properties and precipitation for JFM2014 set of experiments.






Table 3. Model performance statistics of cloud properties and precipitation for JFM2014 set of experiments.





	

	
BAM CTRL

	
BAM AMIC




	
Variable

	
Obs. Data

	
Mean Obs.

	
Mean Model

	
NMB (%)

	
RMSE

	
R

	
Mean Model

	
NMB (%)

	
RMSE

	
R






	
SWCRF

	
CERES

	
−40.66

	
−43.98

	
8

	
20.91

	
0.84

	
−45.15

	
11

	
22.26

	
0.82




	
LWCRF

	
CERES

	
22.08

	
19.24

	
−13

	
10.57

	
0.72

	
15.96

	
−28

	
11.23

	
0.76




	
OLR

	
CERES

	
223

	
236.5

	
6

	
19.8

	
0.93

	
239.7

	
7.4

	
20.76

	
0.94




	
AOD

	
MODIS

	
0.14

	
-

	
-

	
-

	
-

	
0.08

	
−39

	
0.10

	
0.52




	
Precip.

	
GPCP

	
1.28

	
2.37

	
85

	
3.39

	
0.21

	
2.51

	
97

	
3.55

	
0.23
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Table 4. Model performance statistics of cloud properties and precipitation for JAS2019 set of experiments.






Table 4. Model performance statistics of cloud properties and precipitation for JAS2019 set of experiments.





	

	
BAM CTRL

	
BAM AMIC




	
Variable

	
Obs. Data

	
Mean Obs.

	
Mean Model

	
NMB (%)

	
RMSE

	
R

	
Mean Model

	
NMB (%)

	
RMSE

	
R






	
SWCRF

	
CERES

	
−38.5

	
−55.6

	
44

	
34.6

	
0.72

	
−42

	
9

	
22.41

	
0.74




	
LWCRF

	
CERES

	
22.6

	
20.3

	
−10

	
10.3

	
0.73

	
15.7

	
−30

	
11

	
0.78




	
OLR

	
CERES

	
228.9

	
236.8

	
3

	
15.3

	
0.97

	
243

	
6

	
17.6

	
0.97




	
AOD

	
MODIS

	
0.18

	
-

	
-

	
-

	
-

	
0.08

	
−58

	
0.16

	
0.42




	
Precip.

	
GPCP

	
2.29

	
2.45

	
7

	
3.72

	
0.05

	
2.60

	
14

	
3.85

	
0.05
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