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Abstract

:

Near real-time aerosol fields from the Copernicus Atmospheric Monitoring Services (CAMS), operated by the European Centre for Medium-Range Weather Forecasts (ECMWF), are configured for use in the HARMONIE-AROME Numerical Weather Prediction model. Aerosol mass mixing ratios from CAMS are introduced in the model through the first guess and lateral boundary conditions and are advected by the model dynamics. The cloud droplet number concentration is obtained from the aerosol fields and used by the microphysics and radiation schemes in the model. The results show an improvement in radiation, especially during desert dust events (differences of nearly 100 W/m2 are obtained). There is also a change in precipitation patterns, with an increase in precipitation, mainly during heavy precipitation events. A reduction in spurious fog is also found. In addition, the use of the CAMS near real-time aerosols results in an improvement in global shortwave radiation forecasts when the clouds are thick due to an improved estimation of the cloud droplet number concentration.
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1. Introduction


Aerosols influence weather and climate directly by scattering and absorbing solar and terrestrial radiation. They act as nuclei for cloud liquid droplet and ice crystal formation, which impacts clouds and precipitation. Clouds largely control the surface radiation balance, whose changes influence near-surface temperature and humidity. Changes in cloud optical properties due to aerosols further modify atmospheric radiative transfer.



The particle number concentration (PNC) in the atmosphere can have high variability throughout the year. Measurements of PNC in the Baltic Sea found daily mean concentrations varying from 40 cm−3 in August 2008 to 12,500 cm−3 in April 2008 [1]. For example, the burning of fossil fuels for heating increases the PNC during winter. In general, the origin of an air mass shows up in the composition of aerosols.



During wildfire, volcanic eruption, and desert dust intrusion events, the mass of various aerosols in the air can increase locally by orders of magnitude compared to the average. Remote transfer, by atmospheric flow, may carry aerosols over thousands of kilometers and high up in the atmosphere, as recently demonstrated by [2]. The common way of representing aerosols, by monthly climatological fields of aerosol optical depth (AOD) in limited area numerical weather prediction (NWP) models such as [3] and only accounting for aerosols in the radiation parameterizations, is clearly inadequate [4] in such cases.



The cloud droplet number concentration (CDNC) in clouds shows considerable variability. Measurements of CDNC in fog can be between 10 and 500 cm−3 [5]. When considering all supersaturation values and fog types, the typical range can be estimated to be roughly between 15 and 250 cm−3 [6]. Aircraft observations estimated that typical CDNC values are between 100 cm−3 and 200 cm−3 for marine and continental regions [7], but the value can be in the range of 1–500 cm−3 [8].



Global and regional models of atmospheric composition integrated into weather models like IFS-AER [9], ICON-ART [10], and WRF-CHEM [11,12] (see also an early review by [13]), as well as coupled atmospheric transport models like MOCAGE [14] or SILAM [15,16], are capable of monitoring and forecasting atmospheric aerosol concentrations on a daily basis. These models comprise advanced data on aerosol sources, parameterization of physicochemical processes to simulate aerosol evolution, and handling of aerosol transport and scavenging. In addition, they may utilize the assimilation of satellite-based observational aerosol data to determine the initial state of each forecast. Limited area NWP models that cannot afford the simulation of complicated aerosol dynamics within the weather forecast can rely on global atmospheric composition forecasts as a source of near real-time aerosol information. The task remaining for the weather models is to utilize these aerosol data for cloud microphysics and radiative transfer parameterizations. This approach is being developed within the HARMONIE-AROME weather model.



In this study, we report on the use of Copernicus Atmosphere Monitoring Service (CAMS) global aerosol forecasts within HARMONIE-AROME [3]. HARMONIE-AROME is a canonical model configuration of the shared ACCORD NWP system [17] for short-range operational weather forecasting. CAMS, operated by the European Centre for Medium-Range Weather Forecasts (ECMWF), provides aerosol fields in near real-time. The atmospheric composition modeling used in the Integrated Forecasting System (IFS) and operationally at the ECMWF is described in [9,18].



The aim of this paper is to document the suggested usage of CAMS aerosol data within HARMONIE-AROME cycle 46h1 (release version 1 of cycle 46). We focus on how aerosols impact cloud-precipitation microphysics within the ICE3/OCND2 microphysics scheme that interacts with the default radiation scheme. Both schemes were documented in [3]. We also checked the impact of our developments on fog, as previous work has also used the CAMS aerosol configuration for fog studies [6]. Aerosol mass mixing ratio (MMR) fields, obtained from CAMS during the initialization of each HARMONIE-AROME weather forecast, are advected by the dynamics of the model and updated at the horizontal boundaries during the forecast. The key variable, estimated from aerosol MMR fields for cloud microphysics parameterizations, is the CDNC at every grid point and every time step. The CDNC is also used to obtain the effective radius of cloud liquid droplets for the radiation scheme. For radiative transfer parameterizations, aerosol MMRs are combined with prescribed mass extinction coefficients to determine runtime AOD fields.



The paper is organized as follows. In Section 2, we describe the aerosol species obtained from CAMS. Section 3 details the processes concerning the advection and removal of aerosols. Section 4 is dedicated to the calculation of the aerosol PNC, as well as the derivation of the cloud condensation nuclei (CCN) and CDNC of particles from aerosol MMR fields. A short description of the cloud microphysics parameterizations that use the CDNC is included in Section 5, while Section 6 summarizes the use of aerosols in the radiation scheme. In Section 7, we analyze the impact of NRT aerosols through a series of test cases that focus on precipitation, radiation, and fog. In Section 8, we present verification results, and in Section 9, the radiation forecast is analyzed using the clear sky index. The results are discussed in Section 10. Conclusions and ideas for future work are provided in Section 11.




2. Description of CAMS Aerosol Types


The aerosol outputs from the IFS model are released as CAMS Global near real-time data. The horizontal resolution of the data is approximately 40 km (T511L60) and is available at 3-h intervals. The system only produces two 5-day forecasts per day, at 00 UTC and 12 UTC. In [9], the different species used in CAMS are described, as well as the processes for the production and removal of aerosols. For HARMONIE-AROME, we use seven aerosol types from CAMS: sea salt (SS), desert dust (DD), organic matter (OM), black carbon (BC), sulfates (SU), nitrates (NI), and ammonium (AM). Relevant information about the aerosol types is detailed in this section for completeness. Each aerosol type can be described by several aerosol species. In the case of OM and BC, there are two species for each with hygroscopic characteristics (hydrophobic and hydrophilic). For SS and DD, three bin sizes are considered, while two bin sizes are considered for NI. Therefore, a total of 14 aerosol species (14 different fields) are taken into account. The parameters of the log-normal aerosol size distributions, the aerosol size bin limits, and the mass densities for each of the aerosol species can be found in Table 1.



2.1. Sea Salt


The most abundant aerosol in the IFS model is SS. The production of SS depends not only on the value of the mean wind speed over the sea but also on the gustiness ([20]). SS is the most hygroscopic of the aerosols considered [19] and is typically larger than other hygroscopic aerosols. These facts, together with the production of large SS particles over the sea, make it the most relevant aerosol in cloud development in maritime air. Three SS aerosol species are used with the radius limits provided in [9]. In addition, two log-normal size distributions are used to characterize SS. The "film drop" mode is used for the first bin and is described by one log-normal size distribution. A second log-normal distribution is used for the "jet" and "spume drop" modes that describe the remaining two species.




2.2. Desert Dust


Mineral dust production takes place in arid regions. As in the case of SS emission, dust production is also wind-dependent [20]. DD is composed of quartz and clay and can act as ice nuclei. It has a strong impact on solar radiation on a global scale, and the impact is significant at locations near mineral dust sources during dust storm events [21]. DD is described by three species or size bins: fine, coarse, and super-coarse, but a single log-normal size distribution is used for each bin.




2.3. Organic Matter


OM is characterized by a large number of individual compounds with different hygroscopic properties. Water-soluble OM has an influence on CDNC, while the majority of semi-volatile OM has no influence [22]. In CAMS, OM is described by three modes: WASO (water soluble), INSO (insoluble), and SOOT (as in soot), with   84 %  ,   13 %  , and   3 %  , respectively. These modes have different densities and size distribution parameters. For simplicity reasons, in HARMONIE-AROME, only one value for mass and size distribution parameters is considered for hydrophilic and hydrophobic OM. In the CAMS model, the hydrophobic component is transformed into a hydrophilic component once the aerosol is emitted [9], but this mechanism has not been introduced in our scheme yet.




2.4. Black Carbon


Black carbon strongly absorbs radiation at infrared and visible wavelengths. An estimate of its global radiative force is around 0.4 W m−2 [23]. BC has a short lifetime in the atmosphere, and its sources are mainly anthropogenic. Two species representing BC are used in CAMS: hydrophobic and hydrophilic. As in the case of OM, the hydrophobic component transforms into a hydrophilic component in the CAMS model once it is emitted, but this is also not yet implemented in our scheme.




2.5. Sulfates


Sulfates originate from sulfur emissions of different origins: natural sources, such as volcanic or biogenic emissions, fuel combustion, and biomass burning. The emission of sulfates is related to economic and industrial development [24]. The number of components in the atmosphere that contain sulfur is high, but here we assume that the chemical composition is that of ammonium sulfate (NH4)2SO4. This assumption restricts the values of the particle density and the hygroscopic parameter.




2.6. Nitrates and Ammonium


The decrease in anthropogenic emissions of sulfur dioxide [24] has increased the relative importance of nitrates and ammonium. Coarse-mode nitrate particles are produced from heterogeneous reactions over DD and SS particles [25]. The values of the size distribution parameters for the CAMS nitrate and ammonium species are shown in Table 1.





3. Advection and Removal of Aerosols


The scheme described in this paper is introduced into cycle 46h1 of HARMONIE-AROME. MMR aerosol fields from CAMS are interpolated to the model grid and included in the first guess and lateral boundary condition (LBC) files, together with atmospheric fields from the high-resolution (HRES) IFS model. As the aerosol fields are available every 3 h, and hourly atmospheric fields are produced from the HRES model, time interpolation of the aerosol fields is carried out so that they are available in the hourly LBCs. Once the model reads the aerosol fields from the first guess, they are advected by the model dynamics.



Aerosol emissions or chemical processes have not been parametrized in HARMONIE-AROME, but aerosol removal processes have been introduced. These aerosol-removal parameterizations are wet deposition and sedimentation and follow [9,26], respectively. The dry deposition of aerosols has been parametrized and tested, but when activated, it was found to result in a strong reduction in aerosols in the lower layers of the atmosphere for long forecast lengths. Given that there is no aerosol production in HARMONIE-AROME for the time being, the cases were run without dry deposition. Nevertheless, these processes are briefly described in the following subsections.



3.1. Wet Deposition


In HARMONIE-AROME, wet deposition (or scavenging) for stratiform and convective precipitation is not treated separately. Wet deposition works on all of the aerosol species considered except hydrophobic BC and OM in the case of “inside cloud” scavenging.



The scavenging rate (unit: s−1) inside the cloud, or rainout, for an aerosol species,   W s I  , is provided by the following expression:


   W s I  = β   f s    C k  ,  



(1)




where   f s   (Table 2) is the fraction of aerosol included in the droplets,   C k   is the cloud fraction at the model level k, and  β  is the rate of conversion of cloud water to rainwater that is given as follows:


  β =    (  P  r , k   +  P  χ , k   )  −  (  P  r , k + 1   +  P  χ , k + 1   )     ρ  a , k    Δ  z k    C k    (  ζ  c , k   +  ζ  i , k   )    ,  



(2)




where   P  r , k    and   P  χ , k    are the precipitation fluxes for rain and snow at level k,   P  r , k + 1    and   P  χ , k + 1    are the precipitation fluxes for rain and snow at level   k + 1  ,   ρ  a , k    is the air density,   Δ  z k    is the model level height, and   ζ  i , k    and   ζ  c , k    are the ice and liquid water mass mixing ratios, respectively. The fraction of aerosols in the aqueous phase is taken from [9] with the values provided in Table 2. However, for hydrophilic species,   f s   is obtained by the fraction of activated nuclei, with the values shown in Table 2 being the maximum permitted.



In the case of below-cloud wet deposition or washout, the scavenging rate,   W s B  , is obtained as follows:


   W s B  =  3 4      P  r , k    α r     r r   ρ w    +    P  χ , k    α χ     r χ   ρ i     ,  



(3)




where   P  r , k    and   P  χ , k    are the rain and snow fluxes at the model level k as before, and   ρ w   and   ρ i   are the liquid water and ice densities.   α r   and   α χ   are the efficiencies of rain and snow at washing out aerosols, with values of 0.001 and 0.01, respectively.   r r   and   r χ   are the assumed mean radius of rain droplets and snow crystals, with a value of   0.001  m   used for both.




3.2. Aerosol Sedimentation


The parameterization of sedimentation follows [26]. This is only applied to coarser modes of SS and DD and is an important removal mechanism for these aerosol species. The tendency of the MMR of an aerosol species due to sedimentation is obtained as follows:


    d   ζ s    d t   =   d (  υ  S , s     ζ s  )   d  z   ,  



(4)




where   ζ s   is the MMR of an aerosol species (s), z is the height, and   υ  S , s    is the settling velocity, which, in this case, is provided by Stoke’s law:


   υ  S , s   =   2  g   ρ s    9   η a    <  r s   > 2    C  C u n n   ,  



(5)




where   <  r s  >   is the mean radius of an aerosol bin,   ρ s   is the particle density,   η a   is the dynamic (absolute) viscosity of the air, and   C  C u n n    is the Cunningham correction that takes into account the dependency of viscosity on air pressure and temperature.





4. Calculation of the Particle Number Concentration (PNC), Cloud Condensation Nuclei (CCN), and Cloud Droplet Number Concentration (CDNC)


The total number concentration of the aerosols is calculated from the MMR fields using the aerosol log-normal size distribution for each aerosol species and atmospheric variables in a similar way to [27,28]. Because the same size distribution is used for DD and SS aerosol species, we need to use truncated distributions so that the values of the distributions are zero outside the bin limits. The MMR of an aerosol species (  ζ s  ) is provided by the following:


   ζ s  =   ρ s   ρ a   =  N s    4 π  3    ρ s   ρ a   <  r s 3  > ,  



(6)




where s refers to the aerosol species,   N s   is the PNC of species s,   ρ s   is the density of the solute,   ρ a   is the particle density (see Table 1), and   <  r s 3  >   is the mean value of the cubic radius. Rearranging Equation (6), we obtain the following:


   N s  =   3  ζ s   ρ a    4 π  ρ s  <  r s 3  >   .  



(7)







The mean value of the cubic radius is calculated from the size distribution of each aerosol species, a log-normal size distribution (  n s  ) provided by the following:


   n s   ( l n  r s  )  =  1    2 π   l n  (  σ s  )    e x p  −   l  n 2   (  r s  /  R s  )    2 l  n 2   (  σ s  )     ,  



(8)




where   r s   is the radius of the particle,   σ s   is the geometric standard deviation, and   R s   is the “number mode radius” of the size distribution (the parameters of the size distribution for each aerosol type are found in Table 1).



We obtain the mean cubic radius using the log-normal size distribution in Equation (8), integrating between zero and infinity, see [29]:


  <  r s 3   >  ( 0 , ∞ )   =  R  s  3  e x p  (  9 2  l  n 2   (  σ s  )  )  .  



(9)







However, this is not the expression for the mean cubic radius to be used in Equation (7). In order to take the bin limits of the different species into account, it is convenient to derive the expressions for the mean cubic radius and the particle number concentration directly from the integration formulas (a detailed calculation is shown in Appendix A).


  <  r s 3  > =  R  s  3   e x p   9 2  l  n 2   (  σ s  )      I  e r f   ( 3 )    (  r  s , u p   )  −  I  e r f   ( 3 )    (  r  s , d o w n   )     I  e r f    (  r  s , u p   )  −  I  e r f    (  r  s , d o w n   )    =  R  s  3   e x p   9 2  l  n 2   (  σ s  )     ϵ s  ,  



(10)




where   ϵ s   is a correction factor depending on the bin limits, and the functions    I  e r f    ( . )    and    I  e r f   ( 3 )    ( . )    are provided by Equations (A2) and (A6), respectively.



Substituting Equation (10) into Equation (7), we obtain the following expression for the PNC of an aerosol species with the bin limits taken into account. The value of   ϵ s   for each aerosol bin and the rest of the values of the size distribution and mass density required for this equation are provided in Table 1.


   N s  =   3   ζ s    ρ a    4  π   ρ s    R  s  3   e x p  ( 9  l  n 2   (  σ s  )  / 2 )      1  ϵ s   .  



(11)







4.1. Cloud Condensation Nuclei (CCN) and Cloud Droplet Number Concentration (CDNC)


The cloud condensation nuclei (CCN) concentration is obtained from the particle concentration and the ambient supersaturation of the model in a similar way as is described in [27]. Under saturated conditions, hygroscopic particles bigger than a given radius are activated. The calculation of that minimum radius of activation, and the number of nuclei activated (  N  c c n   ), is described in this subsection.



As mentioned before, the activation of aerosol particles depends on ambient supersaturation and critical supersaturation. The Köhler theory (1936) describes the equilibrium stage of a droplet in a saturated environment based on the physicochemical properties of the aerosols. According to [30], there are two approaches to describe the influence of chemical composition on water activity, one of which is a parameter that describes the equilibrium interaction of particles with water vapor [31]. One is the osmotic coefficient reference model, and the other uses an effective hygroscopicity parameter. The second approach is known as the  κ -Köhler theory [19]. The first approach can be easily applied to inorganic compounds. However, for more complex organic compounds, the  κ -Kohler theory is more convenient as it uses a single parameter, the hygroscopic parameter (  κ s  ), to describe water activity. Therefore, this is the method that we use for all aerosol species. Hygroscopic species have   κ s   values greater than 0.5, with values close to 1 for most hygroscopic species and with    κ s  ≈ 1.4   as an upper limit. For moderately hygroscopic species, the   κ s   values are between   0.01 <  κ s  < 0.5   [19]. The hygroscopic parameters are listed in Table 1.



We consider that the volume of dry solute (  V s  ) is much smaller than the volume of water in the droplet (  V  d , w   ), i.e.,    V s  < <  V  d , w    , so that the Köhler equation for the saturation ratio at equilibrium (  S s  ) can be simplified and written as follows:


   S s   (  r d  )  ≈ 1 +  A  r d   −  B  r d 3   ,  



(12)




where   r d   is the droplet radius and A is defined as follows:


  A =   2   σ w     R v   T   ρ w    ≈   3.3 ·  10  − 7    T   [ m ]  ,  



(13)




where   σ w   is the surface tension of the water,   R v   is the gas constant of water vapor, T the temperature, and   ρ w   the water density. Parameter B in Equation (12) is obtained as follows:


  B =  κ s  ·  r s 3  ,  



(14)




where   κ s   is the hygroscopic parameter obtained from [19], and   r s   is the radius of the aerosol particle.



The simplified expression of Equation (12) allows us to obtain the minimum radius of an aerosol particle activated in a supersaturated environment, where the maximum value of Equation (12) provides the critical saturation. The corresponding radius of a cloud droplet at the critical saturation is obtained as follows:


   r  d , c r i t   =    3   κ s    r s 3   A   .  



(15)







The critical supersaturation,    s  s , c r i t   =  S  s , c r i t   − 1  , for an aerosol particle of radius   r s   is obtained as follows:


   s  s , c r i t   =    4   A 3    27  B    =    4   A 3    27   κ s    r s 3     .  



(16)







All particles whose critical supersaturation,   s  s , c r i t   , is equal to or higher than the ambient supersaturation (  s a  ) are considered to be activated. By setting    s  s , c r i t   =  s a   , we obtain the minimum radius (  r  s , m i n   ) of an aerosol species for which the aerosol can become activated. This minimum radius is equal to the following:


   r  s , m i n   =  A 3     4   κ s    s a 2      1 / 3   .  



(17)







The number of activated condensation nuclei or CCNs for a given aerosol type can be determined by calculating the integral of the size distribution function, Equation (8), between   r  s , m i n    and the upper bin limit,   r  s , u p   . Making use of Equations (A2)–(A4), we obtain the following:


   N  c c n , s   =  N s     I  e r f    (  r  s , u p   )  −  I  e r f    (  r  s , m i n   )     I  e r f    (  r  s , u p   )  −  I  e r f    (  r  s , d o w n   )    ,  



(18)




where   r  s , d o w n    is the lower bin limit, and the function    I  e r f    ( . )    is provided by Equation (A2).



Although most of cloud droplets grow as a result of the activation process, large aerosols with a high enough hygroscopic factor can grow to reach diameters in the range of those of cloud droplets without being activated [32]. Those small droplets, which do not become CCNs, are not taken into account in the calculation of CDNC. Processes in which the CDNC is important require larger droplets. Only activated CCNs are considered. The total concentration of CCNs is the sum of CCNs for all SS, SU, hydrophilic BC and OM, nitrates, and ammonia.


   N  c c n   =  ∑  s ,  κ s  > 0    N  c c n , s   .  



(19)







There is no straightforward relationship between CCN and CDNC in the atmosphere. Ref. [33], as part of the third Pallas Cloud Experiment (PaCE-3), found a good correlation between CDNC and CCN. Ref. [34] showed a positive correlation between   N d   and   N  c c n    using measurements from the RICO and PASE projects, with negative correlations for large/intermediate size cloud droplets, although it must be noted that the   N  c c n    values were obtained for a fixed supersaturation of   1  %  . Therefore, a direct equivalence between the CDNC (  N d  ) and the CCN,    N d  =  N  c c n    , is considered. Also, a minimum value of 10 cm−3 is considered for both   N d   and   N  c c n   , given that there is no aerosol generation in the model, and the removal of aerosols could produce values that are too low and unrealistic. Furthermore, a minimum value of 2 μm is used for the mean cloud droplet radius to avoid unrealistic cases where cloud water is shared by a large number of tiny droplets. Whenever the mean cloud droplet radius, calculated for a given cloud water amount, is lower than the minimum radius, the CDNC will be reduced until the mean radius is equal to the minimum value (this is checked at every time step of the model integration).




4.2. Ambient Supersaturation


Ambient supersaturation depends on vertical velocity, but the presence of coarse SS reduces supersaturation. As has been shown, ambient supersaturation provides the number of droplets inside clouds. Given the ambient vapor pressure,   e a  , and the equilibrium water vapor pressure at saturation,   e  s a t , w   , the ambient saturation ratio is defined as follows:


   S a  =   e a   e  s a t , w    .  



(20)







The activation of cloud nuclei is determined by the ambient supersaturation ratio,    s a  =  S a  − 1  , and the critical supersaturation of each particle.



The HARMONIE-AROME model adjusts the humidity variables at every time step. This causes supersaturation to reduce considerably in the adjustment. Because of this, the activation of the condensation nuclei is much lower than expected. In order to obtain realistic values for the CCN, it is necessary to set a minimum value for supersaturation inside clouds in order to activate the condensation nuclei. By analyzing rainfall events in East Asia, ref. [35] observed that the in-cloud supersaturation experienced by removing aerosols had an average value of   0.08 ± 0.03 %  , ranging from   0.03 %   to   0.2 %  . In the case of fog, ref. [32] applied a method using aerosol and cloud droplet measurements, estimating that supersaturation was between 0.01% and 0.05% for different fog cases. These values agree with the maximum supersaturation of 0.049% found by [36] in radiation fog with non-gradient turbulent mixing. Ref. [37] obtained supersaturation values through aerosol and droplet measurements at the SIRTA observatory in a suburb of Paris and derived a median critical supersaturation of 0.043% for fog cases during the winters of 2010–2013. Based on these results, we consider a minimum value of 0.05% for supersaturation at the lowest level of the model. Minimum supersaturation increases linearly to 0.08% at the surface up to an arbitrary height of 100 m, remaining constant above that height. This minimum supersaturation is described in Equation (21).


   s  a , m i n    ( z )  =  s  l o   +    s  h i   −  s  l o    H  m i n  ( H , z )  ,  



(21)




where    s  a , m i n    ( z )    is the minimum supersaturation,    s  l o   = 0.05 ×  10  − 2     is the supersaturation at the surface,    s  h i   = 0.08 ×  10  − 2    , z is the height of the model level, and H is the reference height of 100 m.



The dependence of supersaturation on the vertical velocity has also been parameterized following [38]. The rate of change in supersaturation due to vertical ascents is obtained as follows:


      𝜕  s a    𝜕 t    w  =     L e    M w     C p   T   M a    − 1   g   R a   T   w ,  



(22)




where w is the vertical velocity, t is the time,   s a   is the ambient supersaturation, T is the temperature,   L e   is the latent heat of condensation,   C p   is the specific heat of dry air at constant pressure,   M w   is the molecular weight of water,   M a   is the mean molecular weight of dry air, and   R a   is the specific ideal gas constant.



It is known that the presence of large particles of SS reduces ambient supersaturation due to competition for water vapor [39]. Over the sea, [40] found values of effective supersaturation of   0.019 ± 0.004 %  , assuming   κ s   = 1.1. Taking this into account, it has been assumed that large SS particles, those with sizes greater than 0.5 μm (jet drop mode and spume drop mode in Table 1), are activated in clouds. It is also assumed that they stay at equilibrium with the surrounding air and that they remove an amount of water vapor provided by condensation on the droplets by diffusion during each time step, thus reducing supersaturation. In order to estimate the rate of change in supersaturation by the presence of coarse SS particles, we consider a mean radius for an aerosol particle of    r  s , r e f   = 5.0   μm, for which the droplet radius (  r  d , r e f   ) is provided by Equation (15). The estimation of the rate of change in supersaturation by the presence of coarse SS particles is carried out as follows:


      𝜕  s a    𝜕 t     s s   = − 4  π   D v    r  d , r e f     s a  −  A  r  d , r e f    +    κ  s s     r  s , r e f  3    r  d , r e f  3   ,   N  s s    



(23)




where   D v   is the diffusion coefficient,   κ  s s    is the SS hygroscopic parameter, and   N  s s    is the coarse SS number concentration for which a maximum of 10 cm−3 is considered. Only a reduction of 0.03· 10−2 in the supersaturation is allowed due to the presence of coarse SS. The derivation of Equation (23) can be found in Appendix B.



Finally, the expression for ambient supersaturation is given as follows:


   s a  = m a x   s  a , m i n    ( z )   ,    e a   e  s a t , w    − 1.0 + Δ t     𝜕  s a    𝜕 t    w   − Δ t     𝜕  s a    𝜕 t     s s   ,  



(24)




where   Δ t   is the model time step. The value for ambient supersaturation obtained by Equation (24) and is substituted into Equation (17) to calculate the number of activated nuclei (Equation (18)).



Figure 1 shows a cross-section of condensation nuclei, supersaturation, and the CDNC provided by the model on the 16 February 2020, with the details specified in the caption of the figure. It must be noted that where updrafts are stronger, supersaturation is higher. This gives rise to an increment in CDNC.





5. Description of the Microphysical Parameterizations in HARMONIE-AROME


The introduction of NRT aerosols affects several processes in microphysics parameterizations through modifying the CDNC. By default, the CDNC in cycle 46h1 in HARMONIE-AROME has a vertical dependence on height. A reference concentration of 250 cm−3 is considered at a pressure of 1000 hPa. The concentration increases linearly with pressure at a rate of   P / 1000  , where P is the pressure at each model level. A reduction is applied to CDNC at the lowest model level, where the concentration is multiplied by a factor of   0.25  . This was carried out to improve the forecasting of low visibility and fog.



The microphysics parametrization scheme in the HARMONIE-AROME model is called ICE3 [3]. A particular configuration named OCND2 is activated [41]. In this scheme, some of the processes already depend on a prescribed value of the CDNC, so significant modifications of the microphysics parameterizations is not needed as it only required a substitution of the prescribed value of CDNC by that obtained from NRT aerosols. The four processes that depend on CDNC are as follows: autoconversion, as long as Kogan parameterization ([42]) is activated, cloud droplet sedimentation, accretion of cloud liquid, and riming of snow by cloud droplets.



5.1. Autoconversion


Autoconversion is the process of forming drizzle through the self-collection of cloud droplets. It is responsible for the initiation of precipitation. Autoconversion in HARMONIE-AROME within OCND2 uses Kogan parameterization described in [42]. The rain MMR rate is obtained as follows:


      𝜕  ζ r    𝜕 t     a u t o   = 1350   ζ c  2.47     N d  − 1.79   ,  



(25)




where   ζ r   is the rain MMR,   ζ c   is the cloud water MMR, and   N d   is the CDNC.



Autoconversion is enhanced when the CDNC is reduced with respect to the reference value in the model. As supersaturation depends strongly on vertical velocity, the higher supersaturation in the updrafts increases the CDNC. Given the dependence of autoconversion on   N d  , the increment in CDNC reduces its effects. This changes the precipitation patterns. In order to avoid drizzle in situations where the cloud droplets are too small to initiate self-collection, parameterization is activated only when the mean radius of the cloud droplets is larger than 20 micrometers.




5.2. Accretion of Cloud Droplets


Through the collection of cloud droplets, raindrops grow. Accretion contributes to increasing the intensity of precipitation. The rain MMR rate is obtained as follows:


      𝜕  ζ r    𝜕 t     a c c r   =  ∫ 0 ∞   π 4    D r 2    υ r    E  r , d     ζ c    N r    n r   d  D r  ,  



(26)




where   D r   is the rain droplet diameter,   N r   is the number of rain droplets per unit volume (which is considered to be constant),   υ r   is the rain droplet terminal velocity that depends on the rain droplet diameter,   n r   is the rain droplet size distribution represented by the exponential law, and   E  r , d    is the collision efficiency of rain droplets with cloud droplets. Only the collision efficiency is affected by the introduction of NRT aerosols. In the parametrization of accretion, the collision efficiency, based on [43,44], is defined as follows:


   E  r , d    (  r  v , d   )  =    e  2000   r  v , d     − 1    e  2000   r  v , d     + 1   ,  



(27)




where   r  v , d    is the mean radius of the cloud droplets in micrometers, and it itself is obtained as follows:


   r  v , d   =     3   ζ c    ρ a    4  π   ρ w    N d      1 / 3   ,  



(28)




where   ρ a   is the density of the air, and   ρ w   is the water density. The modification of CDNC (  N d  ) results in a change in the mean radius and collision efficiency. The collision efficiency decreases with CDNC and increases with cloud water content. In general, an increase in precipitation is found when NRT aerosols are used, especially during strong precipitation events. This occurs because the CDNC is reduced in most cases with respect to the default configuration, which increases the collision efficiency.




5.3. Cloud Droplet Sedimentation


Cloud droplet sedimentation is an important process in fog development and in the evolution of cloud thickness. The cloud water MMR rate of sedimentation is obtained as follows:


      𝜕  ζ c    𝜕 t     s e d   =  1  ρ a     𝜕  F  s e d , c     𝜕 z   ,  



(29)




where   ζ c   is the cloud water MMR, and   F  s e d , c    is the mixing ratio sedimentation flux (in kg m−2 s−1) obtained as follows:


   F  s e d , c   =  ρ a    υ d    ζ c  =  ρ a       ζ c   N d     2 / 3     ζ c  ,  



(30)




where   υ d   is the terminal velocity of the cloud droplets obtained in Appendix C.



The modification of CDNC is expected to have an important effect on the Stokes velocity. In general, a reduction in   N d   compared with the reference values increases the terminal velocity,  υ , and sedimentation. For a comprehensive study of the different cloud droplet configurations in the model, see [45].




5.4. Riming of Snow


The riming of snow is parameterized as in [46]. However, the OCND2 option considers the dependence of the collision efficiency of aggregates and cloud droplets, with cloud droplet size as defined in [47]. The collision efficiency,   E  s , d   , is calculated as follows:


   E  s , d   = 2.657  m a x  (  0.01 ,  m i n  ( 1.0  ,  0.939   S t  2.657   )  )  ,  



(31)




where   S t   is the Stokes number, which depends on the terminal velocity of the cloud droplets obtained as follows:


   S t  = m a x  (  0.01  , 2 ×  10 3    υ d    ( 1.0 −   υ d  )  / g )  .  



(32)







For this parameterization, the terminal velocity of the droplets (  υ d  ) is obtained using an analytical formula which considers, not only the Stokes regime for low values of the Reynolds number (  R e  ), but also a regime with intermediate values of   R e  .


   υ d  =      1.19 ×  10 8    r  v , d  2  ,  Stokes   regime ,    r  v , d   < 6.5 ×  10  − 5         8 ×  10 3    r  v , d   ,   Intermediate   Re ,    r  v , d   > 6.5 ×  10  − 5        .  



(33)







The collision efficiency has a maximum value when the terminal velocity of the cloud droplets is 0.5 m/s. This corresponds approximately with the volume mean radius (  r  v , d   ) considered as the limit of the Stokes regime, which is 65.0 μm. The cloud water content and CDNC determine the volume mean radius of the cloud droplets.





6. Impact on Radiation


The use of NRT aerosols in the model modifies radiative transfer because of the extinction caused by different aerosol species (direct effect), while the use of CDNC from aerosols modifies the effective radius of cloud droplets (indirect effect).



The default radiation parameterizations in HARMONIE-AROME ([3,48]) are based on an ECMWF radiation scheme (ECMWF model cycle 25r) [49]. To characterize aerosol interaction in the SW and LW radiation schemes, monthly climatologies of vertically integrated AOD at 550 nm (AOD550) for six aerosol species are used, further denoted as the Tegen climatology [50]. These species are land, sea, urban, and desert aerosols. Prescribed background values are assumed for missing tropospheric components and stratospheric volcanic ash and sulphates. The increase in the total AOD550 due to the assumed background values is approximately 0.08 (unitless). The AOD550s are vertically distributed using exponential vertical profiles, as described in [51], with modifications suggested by [52]. In addition to AOD550, the inherent aerosol optical properties (AIOPs) include single-scattering albedos and asymmetry factors, which are prescribed for the six aerosol species. Spectral distributions of each AIOP are also prescribed.



In earlier studies, the use of improved AOD550 climatologies demonstrated quite a limited impact on HARMONIE-AROME results [53,54]. The use of NRT aerosols, instead of climatologies, provides more realistic data and permits us to calculate the AOD at every model level directly from the MMRs of the different CAMS aerosol species. To convert the MMRs to AODs, aerosol mass extinction coefficients at 550 nm, provided by CAMS, are applied following the method of [52]. The prescribed values of the single-scattering albedo and asymmetry factor and the spectral distributions of all AIOPs were not modified when introducing CAMS MMRs. Also, all cloud optical property parameterizations [3] remained unchanged when aerosol MMRs were introduced.



The AODs of CAMS aerosol species are combined with Tegen aerosol species as follows: the AOD of the Tegen land aerosol is obtained from CAMS organic matter, sulphate, nitrate, and ammonium aerosols, and the sea species from the sum of the AODs of the three CAMS sea salt size bins. The Tegen desert dust is calculated from the three desert dust size bins from CAMS, and the Tegen urban aerosol is calculated from CAMS black carbon. Additional background aerosols are not assumed in the troposphere or stratosphere. This is expected to lead to a negligible reduction in the total AOD, except in the case of volcanic events. In this version, nitrates and ammonia are not used because mass extinction coefficients are not available. The lack of these two species causes a small increase in the surface-level (clear sky) SW radiation output of the model.



HARMONIE-AROME radiation parameterization results were shown to be sensitive to the assumed cloud droplet and ice crystal sizes [55]. There are several possibilities for calculating the effective radius,   r e  , of cloud liquid droplets. We modified the default method, based on [56], to take into account aerosol-based CDNC. By default,   r e   is related to CDNC as follows:


   r e  =     3   ζ c    ρ a    4 π   ρ w    N d   ϰ     1 / 3   ,  



(34)




where   ζ c   is the cloud water content MMR,   ρ w   is the water density,   N d   is the assumed CDNC, and  ϰ  is a variable called the spectral dispersion, with   ϰ = 0.77   over sea and   ϰ = 0.69   over land. When NRT aerosols are considered, the calculation of the effective radius is modified to take the cloud droplet distribution provided by Equation (A14) into account.   r e   can thus be written as follows:


   r e  =   <  r 3  >   <  r 2  >   =     3   ζ c    ρ a    4 π  ρ w   N d      Γ   ( ν + 3 / α )  2  Γ  ( ν )    Γ   ( ν + 2 / α )  3      1 / 3   ,  



(35)




where  α  and  ν  are the shape parameters of the cloud droplet size distribution. Given that   α = 3   and   ν = 1   over sea, and   α = 1   and   ν = 3   over land, comparing Equations (34) and (35), we obtain the corresponding values of   ϰ = 0.74   over sea and   ϰ = 0.48   over land when the cloud droplet size distribution is used. While the value of  ϰ  over sea is very similar to the value used by default in the model, over land the difference is higher. We did not modify the parameterization of the ice particle equivalent radius due to aerosols.




7. Test Cases


Several test cases have been considered to show the impact of using NRT aerosols in cycle 46h1 of HARMONIE-AROME. The domain considered for the experiments over the Iberian Peninsula extends from 30 to 50 degrees North and from 20 degrees West to approximately 10 degrees East. It covers the entire Iberian Peninsula, the south of France, and the northwestern part of Africa. The grid is 1152 longitude points times 864 latitude points, and the grid spacing is 2.5 km, with 65 vertical levels and a time step of 60 s. Results are also shown for experiments run over a domain covering Ireland, the UK, and part of Northern France. The horizontal grid spacing, vertical resolution, and time-step are the same as that of the Iberian setup.



In the examples shown, two experiments are defined. A reference experiment (REFERENCE) is configured with default values of parameters in HARMONIE-AROME cycle 46h1. As mentioned in Section 5, by default in HARMONIE-AROME, the CDNC has a vertical dependence on height and increases linearly with the pressure at a rate of   P / 1000  , with P representing the pressure of the model level. The Tegen aerosol climatology is used in the radiation scheme. In experiments that use NRT aerosols (CAMSNRT), the CDNC is derived from model aerosol fields and atmospheric variables, as described in Section 4. A minimum value of 10 cm−3 is used for CDNC. The AOD is obtained from the aerosol fields and their mass extinction parameters. The experiments are run with a cold start unless otherwise specified.



7.1. Warm Rain Case


To illustrate the impact of the use of calculating the CDNC from NRT aerosols on warm rain, a frontal precipitation case, which occurred on the 16 February 2020, affecting the NW of the Iberian peninsula, has been selected. During the first half of the day, warm rain from stratiform clouds fell over Galicia and the NW of Portugal. The processes of autoconversion, sedimentation, and accretion of cloud droplets were responsible for the formation and evolution of the rain (see Section 5).



In Figure 2, instantaneous precipitation over Galicia at 12 UTC is shown for the two experiments (REFERENCE and CAMSNRT). The black line depicts the location of the cross-section plots shown in Figure 3, where the rainfall intensity is plotted. It can be seen that the introduction of NRT aerosols modifies the structure of the precipitation field. In the CAMSNRT experiment, precipitation is less homogeneously distributed, and maximum precipitation values are higher even though the zones of maximum precipitation coincide with those of the REFERENCE experiment.



Figure 1 (top left) shows the cross-section of the total condensation nuclei. A layer of particles with concentrations of over 2000 particles per cm3 can be seen at a height of just over 1000 m over land. Above this layer, the air is cleaner, with values of around 200 cm−3. Higher supersaturation in the updrafts (Figure 1, top right) causes an increase in the CDNC (Figure 1, bottom left). This allows higher values of cloud water content (Figure 1, bottom right) because the autoconversion and collision of cloud droplets are less efficient with a larger number of droplets. Once the vertical velocity decreases, the higher amount of cloud water leads to an increase in the intensity of the precipitation relative to the reference experiment.




7.2. Snow Case


The riming of snowflakes by cloud droplets, described in Section 5, contributes to an increase in precipitation in the form of snow. As the parameterization of this process depends on CDNC, the number of aerosols has an impact on the intensity of the snow. On 23 February 2023, after the passage of a frontal system, atmospheric instability increased with northerly winds producing precipitation in the form of snow over the northern part of the Iberian Peninsula. Its intensity for the REFERENCE and CAMSNRT experiments at 12 UTC, over an area covering the northern plateau of the Iberian Peninsula, is shown in Figure 4. The intensity of the snow is greater in the case of CAMSNRT, especially over mountainous regions. There are some differences in its distribution with areas where the snowfall is lower for CAMSNRT.



Figure 5 shows cross-sections of snow intensity and cloud water content. An increase in the intensity of snowfall is observed in the CAMSNRT experiment compared to the REFERENCE experiment, while the cloud water content is lower than expected because the increase in snow intensity is at its expense.



Figure 6 shows the cross-section of the total condensation nuclei, the supersaturation, and the CDNC for the CAMSNRT experiment. In this case, the air is very clean, as the maximum number of condensation nuclei is around 300 particles per cm3. Under such conditions, the CDNC is also very low, which helps to increase the riming of the snow. The CDNC from the REFERENCE experiment is also plotted to show the difference compared to the CAMSNRT experiment. In this case, the CDNC for the REFERENCE experiment is around 20 times the value of that for CAMSNRT.




7.3. Radiation Cases


Three test cases have been chosen to show the impact of NRT aerosols on radiation. Daily global radiation plots for these cases are shown in Figure 7 and compared with observations.



We selected a dust event that occurred on 31 March 2021 over the Iberian peninsula where Saharan dust reduced SW radiation by nearly 100 W/m2 at some stations during the day. The accumulated global radiation over 24 h for the two experiments is shown in Figure 8. The day was characterized by clear skies over most of the Iberian area.



As can be seen in Figure 7 (left), the global radiation forecast by the REFERENCE experiment was overestimated, while the introduction of NRT aerosols reduced global radiation to values similar to those observed.



In order to demonstrate the impact of aerosols on solar irradiance, two further test cases were considered: one for a cloudy day and another for a mainly clear day. They were run for the Iberian domain with one week of warm-up.



Figure 9 shows the accumulated global radiation over the Iberian domain on 22 October 2020 for the two experiments (REFERENCE and CAMSNRT) for the cloudy case. Clearly, there is an increase in global radiation when NRT aerosols are introduced. We found that cloud cover was lower for the CAMSNRT experiment compared to the REFERENCE, but the main cause of the difference in global radiation was the higher transparency of the clouds due to a higher effective droplet radius when NRT aerosols were considered.



In the central image of Figure 7, the REFERENCE experiment shows an underestimation of global radiation compared to observations, while the CAMSNRT results match the observed radiation much better, with a slight overestimation at midday.



For the clear sky case, we selected 12 October 2020. We found that the global radiation under clear sky conditions is overestimated when NRT aerosols are introduced. One possible reason for this could be the omission of certain aerosol species (nitrates and ammonia) in the radiation parameterizations. Figure 10 shows the accumulated global radiation over 24 h for the two experiments for the Iberian domain.




7.4. Fog Case


In order to characterize fog, we used the diagnosed visibility, but we did not study the impact on visibility itself. The parameterization of visibility in HARMONIE-AROME takes the five prognostic hydrometeors of HARMONIE-AROME into account, including 2 m relative humidity, 2 m temperature, and the climatological cloud condensation nuclei distribution. The calculation of 2 m visibility is described in [57].



Cloud droplet sedimentation is one of the processes that take part in the evolution and dissipation of fog. As mentioned in Section 5, sedimentation depends on the CDNC. Two cases of fog in the Irish domain are included here. The first is for 14 April 2021, Figure 11, when a large area of high pressure covered Ireland. Cycle 43h1.1 of HARMONIE-AROME was operational at the time and over-predicted fog for this event. As for the previous examples, both a REFERENCE and a CAMSNRT experiment were run for this case. A large fog bank can be seen in the Irish Sea in the REFERENCE experiment, which was not present in observations. This fog bank is not present in the CAMSNRT results. As the use of CAMSNRT aerosols results in less fog in some cases, there was a concern that using CAMSNRT aerosols could result in a general underprediction of fog. The second example shown is of a case for 13 May 2023, Figure 12, when fog over the Irish Sea extended during the day and encroached on the east of the country around the Greater Dublin Area. In this example, some of the erroneous fog over Ireland at 00 Z is not present in the CAMSNRT run, while the fog bank over the Irish Sea is retained at 00 Z and 06 Z.





8. Verification Results


Point verification was run for the REFERENCE and CAMSNRT experiments for two periods over the Iberian domain. The Autumn period was from 1–30 October 2020, and the Spring period was from 1–30 May 2021. Figure 13 shows the equitable threat score (ETS) for 12 h precipitation for both periods. It clearly shows that the skill for high precipitation values improves in the case where NRT aerosols were configured. High precipitation events are less frequent, and they are likely to be affected by the double penalty problem. This means ETS values are reduced for those. With NRT aerosols, the general increase in forecast precipitation seems to have more of an impact on high precipitation cases.



Figure 14 shows scatter plots of the 24 h precipitation for the spring period. There are only five events for which the observations were over 80 mm. Although the number is too small to be significant, the CAMSNRT experiment produced higher precipitation compared with REFERENCE. In the interval between 40 mm and 80 mm, there is an underestimation of the precipitation in both experiments, but more points are closer to the diagonal in the CAMSNRT plot.



In Table 3, point verification results for several variables are shown. In general, when NRT aerosols are introduced, 2 m temperature values are higher, with a small improvement in the standard deviation (STDV) of the biases. This can be due to an increase in radiation, given that the clouds are more transparent. The surface pressure is reduced, although the bias is not always better. Meanwhile, the 10 m wind speed increases, resulting in a higher bias, with similar values for the STDV. The 2 m relative humidity decreases and is worse for both periods. Only the standard deviation is improved in spring. The cloud cover is reduced, especially in the autumn period. There is an increase in the 24 h accumulated precipitation, for which the STDV also improves.




9. Clear Sky Index


Global horizontal irradiance (GHI), also referred to as “global radiation”, provides an objective and quantitative measure for evaluating cloud forecasts during the daytime. GHI is the shortwave irradiance integrated over all downward directions and wavelengths in the solar spectrum received by a horizontal surface of unit area. Furthermore, non-dimensional indices for solar energy resource assessment have been developed in recent years and decades and are very useful. One such index is the clear sky index (CSI), which is the GHI divided by the theoretical GHI during clear sky conditions. In this paper, we use the theoretical GHI clear sky model of [58,59], which includes coefficients that account for variable integrated atmospheric water vapor, aerosols, and ozone. We assumed an atmosphere with an integrated water vapor load of 2.5 g cm−2, which is a typical load for a mid-latitude location like Ireland.



Figure 15 shows 1D histograms of observed versus modeled CSI for the REFERENCE (Tegen) and CAMSNRT experiments. Observations from 20 sites around Ireland were used, along with corresponding model data for the same locations. The results for the 2-week spring period (8–22 May 2020) are shown on the left, with the autumn period (1–14 November 2019) shown on the right. A clear overestimation of low CSI in the REFERENCE HARMONIE-AROME can be seen in both seasons, consistent with an overestimation of cloud condensate in the thickest clouds (not shown but confirmed by comparison with an MSG cloud water path product available from KNMI). This overestimation of low CSI is not present when CAMS NRT aerosols are used.



Figure 16 shows 2D histograms of observed versus modeled CSIs, using data similar to that of Figure 15. The results for the 2-week spring period are shown in the first row, with the autumn period shown in the bottom row. REFERENCE is on the left and CAMSNRT on the right. A clear overestimation of low CSI in HARMONIE-AROME can be seen on the left panels, as in the case of Figure 15. In the case of CAMSNRT, a general overestimation is seen in global SW radiation, as can be seen with more values above the dashed x–y line in the figure, meaning that, in general, the CSI is higher in the model than observed. The overestimation in global SW radiation is also shown in Figure 17, where positive and negative biases are plotted on the positive axis to highlight whether an experiment results in more positive or negative biases overall. These biases were calculated for the same 20 stations as before. It is clear that in the REFERENCE experiments (both spring and autumn; left figures) there are negative biases overall, with positive biases overall when CAMSNRT aerosols are used (right figures), and slightly smaller biases when CAMSNRT aerosols are used.




10. Discussion


In this article, we have shown how HARMONIE-AROME forecasts change when NRT aerosols from CAMS are introduced into cloud-precipitation microphysics and radiation parameterizations. Mass mixing ratios of the hygroscopic aerosol species are used to calculate the cloud droplet number concentration for every grid point in the three-dimensional model grid. The calculated values of CDNC are introduced in the microphysical processes instead of the prescribed values. The calculation of the CDNC from aerosol MMR is based on the Köhler theory and depends on the value of supersaturation. The aerosol MMR fields are used directly in the radiation scheme to obtain aerosol optical density at every model level. Cloud liquid droplet effective radii are derived from the aerosol-based CDNC for estimation of the indirect aerosol effect on shortwave radiation. It must be pointed out that the microphysical parameterizations already depended on CDNC. Thus, modification of the subroutines of the OCND2 scheme was not required.



Calculation of the CDNC from the aerosol fields and atmospheric conditions, such as the humidity and vertical velocity, permits a more realistic representation of the transport of cloud water. The dependence of the parameterizations of the autoconversion and collision of cloud droplets on CDNC is fundamental for modifying the precipitation intensity and patterns. The verification results show that rain is better forecast in general, especially with high precipitation values that used to be underestimated. The increase in precipitation when using NRT aerosols seems to be related to an increase in the collision efficiency. This may be due to an increase in the cloud water available in the clouds or to a decrease in the CDNC compared to the reference scheme. Sensitivity tests are required to understand and tune model variables in order to reduce overestimation. For snowfall, it was shown that the introduction of NRT-based CDNC also produces an increase in precipitation in the form of snow. This can be explained by the dependence of riming on CDNC, resulting in a reduction in the cloud water content.



The HARMONIE-AROME model occasionally produces spurious fog. The reason for this is not totally clear, but the sedimentation process, which depends on the CDNC, is important for the formation and evolution of fog. For the cases shown, the spurious fog predicted by the model is not present when NRT aerosols are employed.



One of the highest impacts of the inclusion of NRT aerosols in the model occurs in the forecast of solar radiation during dust intrusion episodes. In such cases, aerosol concentrations in the air may increase by orders of magnitude locally compared to the average grid-scale climatological dust concentrations. Downwelling SW radiation at the surface is then much better forecast with NRT aerosols than with default monthly climatologies. Radiation fluxes are also mostly improved under cloudy conditions. On average, cloud cover and cloud condensate are slightly reduced, which makes clouds optically more transparent. Clouds also become more transparent to SW radiation because the prescribed CDNC is replaced by values derived from NRT aerosol distribution, which seems to improve the representation of the effective radius of the cloud liquid droplets. However, under partially cloudy conditions, an overestimation of the shortwave radiation is observed. This overestimation is expected to be reduced once the nitrate and ammonium species are introduced into the radiation scheme but preliminary tests have shown that this may not be sufficient.



Although the introduction of NRT aerosols in the HARMONIE-AROME model has resulted in a significant advancement towards better representation of atmospheric composition, for particular cases, further development is still required. For cloud-precipitation microphysics parameterizations, such development includes the transformation of hydrophobic OM and BC into hydrophilic species. The calculation and use of ice nuclei, especially those derived from DD fields, is expected to be important for the treatment of ice clouds. Inclusion of SS and DD emissions may also be relevant for limited-area high-resolution NWP models like HARMONIE-AROME. Together with emission treatment, dry deposition parameterization should be developed. With the alternative radiation schemes that will be fully available in the coming versions of the ACRANEB [60,61] and ecRad [62] models, it will become possible to combine the updated humidity-dependent aerosol optical properties of all available species (including nitrate and ammonium) over the full spectrum of SW and LW radiation with NRT, or updated climatological, aerosol MMR data. There is also room for an improved estimation of cloud particle effective size for radiation parameterizations based on aerosol data.



The use of NRT aerosols in HARMONIE-AROME results in an increase in the required computational resources. The addition of 14 3D fields to the files means an increase in storage memory requirements. Also, during the execution of the model, the memory requested is higher, and more HPC nodes may be required if the same execution time is to be achieved. In the case where the same computational resources are used, the execution time for a 24 h forecast is   23 %   longer when NRT aerosols are used compared with the execution of the model for the same date and forecast length with the default configuration. This increase in execution time is a drawback regarding the use the NRT aerosols operationally.




11. Conclusions


In this paper, we have shown the methods used to introduce NRT aerosols from CAMS in the HARMONIE-AROME model and how the MMR and CDNC, calculated from those, are used by this model. We have shown the impact on different meteorological phenomena. The structure of the precipitation field was modified and a positive impact was found in the case of high precipitation events. The spurious fog that sometimes appears in HARMONIE-AROME forecasts was reduced when NRT aerosols were considered. A big impact was also found for dust events, and solar radiation under cloudy conditions was forecast much better.



Nevertheless, more studies are still required. Long period verification is recommended to fully demonstrate the quality of the improvements on the forecasts. The calculation of supersaturation can be improved by adding an extra term for infrared radiative cooling. Dry deposition can be activated once sea salt and desert dust emissions are parameterized. The calculation of ice nuclei from NRT aerosols is also possible and will have an impact on the cold processes of the model.
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Appendix A. Correction of the Cubic Radius of the Log Normal Size Distribution


The cubic radius of an aerosol species whose size distribution is log-normal is calculated taking the bin limits into account. The log-normal distribution (  n s  ) is obtained as follows:


   n s   ( l n  r s  )  =  1    2  π    l n  (  σ s  )    e x p  −   l  n 2   (  r s  /  R s  )    2  l  n 2   (  σ s  )     ,  



(A1)




where   r s   is the particle radius,   R s   is the “number mode radius”, and   σ s   is the geometric standard deviation of the log-normal size distribution for the aerosol species. The integral of the log normal size distribution is the error function (erf).


   I  e r f    (  r s  )  = ∫  n s   ( l n  r s  )    d  r s    r s   = 0.5  e r f  (   l n (  r s  /  R s  )    2   l n  (  σ s  )    )  .  



(A2)







We define the following parameters:


   I  e r f    (  r  s , d o w n   )  = 0.5  e r f  (   l n (  r  s , d o w n   /  R s  )    2   l n  (  σ s  )    )  ,  



(A3)






   I  e r f    (  r  s , u p   )  = 0.5  e r f  (   l n (  r  s , u p   /  R s  )    2   l n  (  σ s  )    )  .  



(A4)







The expression for the third moment of size distribution is provided as follows:


  ∫  r s 3    n s   ( l n  r s  )    d  r s    r s   = 0.5   R  s  3   e x p  (  9 2  l  n 2   (  σ s  )  )   e r f  (   l n  (  r s  /  R s  )  − 3  l  n 2   σ s     2   l n  (  σ s  )    )  ,  



(A5)






   I  e r f   ( 3 )    (  r s  )  = 0.5  e r f  (   l n  (  r s  /  R s  )  − 3  l  n 2   σ s     2   l n  (  σ s  )    )  .  



(A6)







We define the following parameters:


   I  e r f   ( 3 )    (  r  s , d o w n   )  = 0.5  e r f  (   l n  (  r  s , d o w n   /  R s  )  − 3  l  n 2   σ s     2   l n  (  σ s  )    )  ,  



(A7)






   I  e r f   ( 3 )    (  r  s , u p   )  = 0.5  e r f  (   l n  (  r  s , u p   /  R s  )  − 3  l  n 2   σ s     2   l n  (  σ s  )    )  .  



(A8)







Finally, we obtain the expression for the corrected mean cubic radius as follows (this is only for the particles whose radii are within those bin limits):


  <  r s 3   >  c o r r   =    ∫   r  s , d o w n     r  s , u p     r s 3    n s   ( l n  r s  )    d  r s    r s      ∫   r  s , d o w n     r  s , u p     n s   ( l n  r s  )    d  r s    r s     = <  r s 3  >    I  e r f   ( 3 )    (  r  s , u p   )  −  I  e r f   ( 3 )    (  r  s , d o w n   )     I  e r f    (  r  s , u p   )  −  I  e r f    (  r  s , d o w n   )    .  



(A9)








Appendix B. Estimation of Correction of Supersaturation by the Presence of Large Sea Salt Particles


The ambient supersaturation is obtained as follows:


   S a  =   P   ζ w     ( ϵ +  ζ w  )   e  s a t , w     ≈   P   ζ w    ϵ   e  s a t , w     ,  



(A10)




where   ζ w   is the water vapor mass mixing ratio, P is the air pressure,   e  s a t , w    is the saturation vapor pressure, and   ϵ = 0.622   is the ratio between the gas constant for dry air and the gas constant for water vapor. We approximated this assuming    ζ w  ≪ ϵ  . The variation of the supersaturation is provided as follows:


    𝜕   S a    𝜕  t   =  P  ϵ   e  s a t , w       𝜕   ζ w    𝜕  t   = −  P  ϵ   e  s a t , w       N d   ρ a     𝜕   m d    𝜕  t   =  1  ϵ   e  s a t , w      N d    R d   T   𝜕   m d    𝜕  t   ,  



(A11)




where we consider that the variation of the water vapor is due to the loss or gain of vapor by the cloud droplets, where   m d   is the mass of a droplet and   N d   the number of droplets. We also consider that   P =  ρ a    R d   T   with   ρ a   the density of the air and   R d   the gas constant for dry air. Given the growth of a droplet by diffusion ([63])


    d   m d    d  t   = 4  π   r d    ϵ   D v     R d   T    (  e a  −  e s  )  ,  



(A12)




where   e a   is the ambient water vapor pressure, and   e s   is the equilibrium water vapor pressure at the surface of a droplet of radius   r d   from around an aerosol SS particle considered to be a sphere of radius   r s  . Substituting Equation (A11) and making use of the Köhler Equations (12) and (14), we obtain the following:


    𝜕   S a    𝜕  t   = 4  π   D v    N d    r d     e a   e  s a t , w    −   e s   e  s a t , w     = 4  π   D v    N d    r d    s a  −  A  r d   +    κ s    r s    r d 3    .  



(A13)








Appendix C. Cloud Droplet Terminal Velocity Calculation


In HARMONIE-AROME, the cloud droplet size spectrum is represented by the generalized gamma distribution:


   n d   (  D d  )  =  α  Γ ( ν )     λ  α ν     D d  α ν − 1     exp  −   ( λ  D d  )  α    ,  



(A14)




where   Γ ( · )   is the gamma function,   D d   is the cloud droplet diameter,  λ  is the slope parameter, and  α  and  ν  are the distribution shape parameters. The shape parameters considered in HARMONIE-AROME are   α = 1  ,   ν = 3   over land, and   α = 3  ,   ν = 1   over sea. The parameter  λ  is obtained from the predicted moment of the distribution (i.e., the mass mixing ratio):


  λ =     π   ρ w    N d    6   ζ c    ρ a      Γ ( ν + 3 / α )   Γ ( ν )     1 / 3   ,  



(A15)




where   ζ c   is the liquid water content,   ρ w   is the water density, and   ρ a   is the density of the air. In the parameterization of sedimentation, the CDNC and the shape parameters of the cloud droplet size distribution (Equation (A14)) are used. Sedimentation depends on the terminal velocity of the cloud droplets, and this terminal velocity is proportional to the square of the radius in the Stokes regime [64]. We also follow [65]. We can obtain the mean value of the terminal velocity for a group of droplets described by a generalized gamma distribution. First of all, the stokes terminal velocity of a single droplet is obtained as follows:


   υ  S , d   =   2   r d 2   g  (  ρ w  −  ρ a  )    9   η a    ,  



(A16)




where   r d   is the droplet radius, g is the acceleration due to gravity, and   η a   is the dynamic viscosity, which is considered to be constant (  1.7   10  − 5     Pa s). We consider a term expressing the dependence of the terminal velocity with the air density,     ρ 0  /  ρ a    0.4   , [66], where   ρ 0   is the air density in conditions of 293.15 K, 101,325 Pa, and 50% humidity. In the calculation of the mean value of the stokes terminal velocity, the air density is considered to be negligible compared with the density of water,    ρ w  −  ρ a  ≈  ρ w   . The terminal velocity of a collection of cloud droplets is obtained as follows:


   υ d  =     ρ 0   ρ a     0.4      2  g   ρ w    9   η a       ∫ 0 ∞    (  D d  / 2 )  2    D d 3  n  (  D d  )  d  D d     ∫ 0 ∞   D d 3   n  (  D d  )  d  D d    .  



(A17)







Considering a generalized gamma distribution, we finally obtain the following:


   υ d  =     ρ 0   ρ a     0.4     g   ρ w    18   η a        6   ζ c    π  ρ w   N d      2 / 3     Γ   ( ν )   2 / 3   Γ  ( ν + 5 / α )    Γ   ( ν + 3 / α )   5 / 3     .  



(A18)







In the HARMONIE-AROME model, a correction term for very small droplets is also considered. This is the Cunningham correction factor [64], which influences the droplet terminal velocity. Its application is not critical for general behavior.
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Figure 1. Cross− sections between   43.0   N   10.0   W and   43.0   N   7.0   W for the CAMSNRT experiment at 12 UTC on the 16 February 2020. (Top left): total condensation nuclei, (top right): supersaturation, (bottom left): cloud droplet number concentration, (bottom right): cloud water content. 
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Figure 2. Instantaneous precipitation forecast at 12 UTC on 16 February 2020 over Galicia in the northwest of the Iberian Peninsula. (left): REFERENCE, (right): CAMSNRT. The line plotted between 43.0 N 10.0 W and 43.0 N 7.0 W is the position of the cross−section shown in Figure 1 and Figure 3. 
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Figure 3. Cross−section of instantaneous precipitation at 12 UTC on 16 February 2020 between   43.0   N   10.0   W and   43.0   N   7.0   W. (left): REFERENCE, (right): CAMSNRT. 
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Figure 4. Snowfall intensity at 12 UTC on 23 February 2023. (top left): REFERENCE, (top right): CAMSNRT, and (bottom centre): CAMSNRT-REFERENCE. The line plotted between 40.5 N 5.5 W and 42.5 N 5.5 W is for the cross sections shown in Figure 5 and Figure 6. 
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Figure 5. Cross− sections of the intensity of the snow (top row) and the cloud water content (bottom row) at 12 UTC on 23 February 2023 between 40.5 N 5.5 W and 42.5 N 5.5 W, as plotted in Figure 4. (left): REFERENCE; (right): CAMSNRT. 
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Figure 6. Cross-sections of the total condensation nuclei and the supersaturation for CAMSNRT (top row), and the CDNC for CAMSNRT and CDNC for the REFERENCE (bottom row) at 12 UTC on 23 February 2023 between 40.5 N 5.5 W and 42.5 N 5.5 W, as plotted in Figure 4. Notice that the scale for CDNC for the REFERENCE is different to that for CAMSNRT to allow us to show the vertical variation. The CDNC is calculated only where the cloud water content is greater than   10  − 20   . 
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Figure 7. Daily global radiation plots. (Left): dust intrusion case, 31 March 2021. (Center): cloudy case, 22 October 2020. (Right): clear sky case, 12 October 2020. Measurements of global radiation from 29 stations over the peninsular Spanish territory have been used in these plots, except for the clear sky case for which only 19 stations were selected. 
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Figure 8. Dust case on 31 March 2021. Accumulated SW global radiation over 24 h. (left): REFERENCE; (right): CAMSNRT. 
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Figure 9. Cloudy Case: accumulated global radiation over 24 h for 22 October 2020. (left): REFERENCE; (right): CAMSNRT. 
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Figure 10. Clear sky case: accumulated global radiation over 24 h for 12 October 2020. (left): REFERENCE; (right): CAMSNRT. 
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Figure 11. Fog 14 April 2021. (left): REFERENCE; (right): CAMSNRT. The (top row) corresponds to the analysis from the 00 Z run on 14 April and the (bottom row) corresponds to the 06 h forecast from the 00 Z run on 14 April. 
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Figure 12. Fog 13 May 2023. (left): REFERENCE; (right): CAMSNRT. The (top row) corresponds to the analysis from the 00 Z run on 13 May and the (bottom row) corresponds to the 06 h forecast from the 00 Z run on 13 May. 
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Figure 13. Equitable threat score for 12 h precipitation. Iberian Peninsula. (left): AUTUMN; (right): SPRING. 
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Figure 14. Scatter plots for 24 h precipitation for the spring period. Iberian Peninsula. (left): REFERENCE; (right): CAMSNRT. 
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Figure 15. Histogram of clear sky index (CSI) for (left) spring and (right) autumn based on 2-week periods where the results from HARMONIE-AROME CY46 experiments conducted using TEGEN and CAMS NRT aerosols are compared to observations. 
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Figure 16. Two-dimensional Histograms of the clear sky index (CSI) for spring and autumn (rows) based on a 2-week period where the results from HARMONIE-AROME CY46 experiments conducted using TEGEN (left column) and CAMS NRT (right column) aerosols are compared to observations. 
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Figure 17. SW bias for spring and autumn (rows) based on a 2−week period where the results from HARMONIE-AROME CY46 experiments conducted using TEGEN (left column) and CAMS NRT (right column) aerosols are compared to observations. 
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Table 1. Aerosol species, bin size limits, and parameters for size distribution are the same as in IFS-AER (Table 1 in [9]). The bin limits are the maximum radius (  r  s , u p   ) and minimum radius (  r  s , d o w n   ) of a particle to be included in the bin,   R s   is the “number mode radius” of the log-normal size distribution,   σ s   is the geometric standard deviation,   ϵ s   is a correction factor applied for the calculation of the PNC of each aerosol type,   κ s   is the hygroscopic parameter obtained from [19], and   m  e x t    is the mass extinction in m2 kg−1 at   80 %   relative humidity.
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	Aerosol Species
	Bin Limits (μm)
	    ρ s    
	    R s    
	    σ s    
	    ϵ s    
	    κ s    
	    m  e x t     





	Sea salt 1 (film drop mode)
	0.03–0.5
	2160
	0.1992
	1.9
	0.318
	1.28
	4048.34



	Sea salt 2 (jet drop mode)
	0.5–5.0
	2160
	1.992
	2.0
	0.255
	1.28
	432.98



	Sea salt 3 (spume drop mode)
	5.0–20
	2160
	1.992
	2.0
	7.284
	1.28
	122.77



	Desert dust 1 (fine dust bin)
	0.03–0.55
	2610
	0.29
	2.0
	0.151
	0.0
	2496.68



	Desert dust 2 (coarse dust bin)
	0.55–0.9
	2610
	0.29
	2.0
	1.610
	0.0
	955.08



	Desert dust 3 (super-coarse dust bin)
	0.9–20
	2610
	0.29
	2.0
	13.140
	0.0
	406.53



	Hydrophobic organic matter
	0.05–20
	2000
	0.021
	2.24
	0.894
	0.0
	2321.03



	Hydrophilic organic matter
	0.05–20
	2000
	0.021
	2.24
	0.894
	0.3
	3481.84



	Hydrophobic black carbon
	0.005–0.5
	1000
	0.0118
	2.0
	1.119
	0.0
	13,487.80



	Hydrophilic black carbon
	0.005–0.5
	1000
	0.0118
	2.0
	1.119
	0.1
	13,487.80



	Sulfates
	0.005–20
	1760
	0.0355
	2.0
	1.002
	0.6
	6296.94



	Nitrate fine mode
	0.005–0.9
	1730
	0.0355
	2.0
	0.997
	0.64
	7361.85



	Nitrate coarse mode
	0.9–20
	1400
	1.992
	2.0
	1.022
	0.9
	7425.71



	Ammonium
	0.005–20
	1760
	0.0355
	2.0
	1.002
	0.6
	483.48










 





Table 2. Aerosol properties for deposition. Fraction of aerosols included in droplets.
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	Aerosol Species
	    f s    





	Sea salt 1 (film drop mode)
	0.9



	Sea salt 2 (jet drop mode)
	0.9



	Sea salt 3 (spume drop mode)
	0.9



	Desert dust 1
	0.7



	Desert dust 2
	0.7



	Desert dust 3
	0.7



	Hydrophobic organic matter
	0.0



	Hydrophilic organic matter
	0.7



	Hydrophobic black carbon
	0.0



	Hydrophilic black carbon
	0.7



	Sulfates
	0.7



	Nitrate fine mode
	0.4



	Nitrate coarse mode
	0.4



	Ammonium
	0.4










 





Table 3. Point verification results for the two periods referred to in the text. Bias and standard deviation (STDV) for surface pressure, wind speed, 2 m temperature, relative humidity, cloud cover, and 24 h accumulated precipitation.
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REFERENCE

	

	
CAMSNRT

	




	
AUTUMN

	
BIAS

	
STDV

	
BIAS

	
STDV






	
Surface Pressure

	
0.15

	
0.81

	
0.04

	
0.80




	
Wind Speed

	
0.69

	
1.48

	
0.71

	
1.47




	
2 m Temperature

	
−0.34

	
1.46

	
−0.21

	
1.43




	
Relative Humidity

	
−0.55

	
10.64

	
−1.36

	
10.68




	
Cloud Cover

	
0.32

	
2.72

	
0.23

	
2.75




	
24 h Accumulated Precipitation

	
−0.27

	
8.68

	
−0.05

	
8.57




	
SPRING

	
BIAS

	
STDV

	
BIAS

	
STDV




	
Surface Pressure

	
−0.05

	
0.90

	
−0.10

	
0.88




	
Wind Speed

	
0.65

	
1.49

	
0.69

	
1.49




	
2 m Temperature

	
−0.03

	
1.56

	
0.10

	
1.54




	
Relative Humidity

	
−4.14

	
11.39

	
−4.44

	
11.27




	
Cloud Cover

	
0.23

	
2.83

	
0.21

	
2.84




	
24 h Accumulated Precipitation

	
−1.08

	
6.14

	
−0.62

	
5.76
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