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Meteor showers forecasts have reached an unprecedented time accuracy through the modelling of meteoroid streams. However, the accuracy of intensity estimates still poses a challenge to current predictive models. If large-scale simulations (or specific dust trail calculations) efficiently reproduce the dynamical evolution of meteoroid streams, accurate intensity predictions are usually hampered by the lack of monitoring of the parent body's activity and the associated meteor showers. To overcome the challenge of reliable intensity predictions, current models have increased in complexity and realism. Simulations differ from one to another on parameters such as the meteoroids ejection circumstances, the force model involved in their integration, or the selection of particles impacting Earth. These modelling choices can make the difference between a failed and a successful prediction. This paper presents an overview of the requirements, difficulties and successes of meteor shower forecasting.

Introduction

Since the first forecasts of meteor showers issued at the end of the 19 th century, a constant effort has 2 been deployed in refining meteoroid stream modelling. As a decay product of the most primitive bodies of the solar system, namely comets and asteroids, meteoroids provide insights into the early stages of our solar 4 system formation and its subsequent evolution. Because of their high velocity, meteoroid streams can in addition pose a threat to spacecraft and satellites orbiting Earth that needs to be anticipated and quantified.
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From the first predictions based on the motion of the parent body (hereafter called the "nodes method"), to the development of dust trail calculations and complete dynamical simulations, this paper attempts to 8 provide a detailed overview of the methods, ancient and recent, applied to meteor showers forecasting. The paper is divided in the following five main parts: 10 • Section 2 recounts the genesis of meteor showers predictions and the current applications of the nodes method.
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• Section 3 summarizes the meteoroid ejection model usually involved in dust stream simulations, compared to telescopic and space mission observations of the parent comets. In Section 4, the main 14 mechanisms shaping the evolution of a meteoroid stream are briefly recapped.

• Sections 5 and 6 discuss the two fundamental methodologies of meteor shower forecasting, based on 16 dust trail calculations or complete dynamical models of meteoroid streams.

• Section 7 details the persistent problem of intensity predictions.
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• Finally, Section 8 presents a non-exhaustive overview of current stream models. The influence of a selected simulation's parameters, applied to the practical case of the Draconids meteor shower, is illustrated in Section 9.

The modelling of meteoroid streams and the efficiency of meteor shower predictions have been the topic of several prior reviews (see for example, [START_REF] Watanabe | Meteor Streams and Comets[END_REF][START_REF] Asher | The dynamical structure of meteor streams and meteor shower predictions[END_REF][START_REF] Watanabe | Activities of Parent Comets and Related Meteor Showers[END_REF][START_REF] Asher | Recent shower calculations[END_REF][START_REF] Williams | The origin and evolution of meteor showers and meteoroid streams[END_REF][START_REF] Williams | Meteor shower features: are they governed by the initial formation process or by subsequent gravitational perturbations?[END_REF][START_REF] Asher | Draconid meteor storms[END_REF][START_REF] Ryabova | Modeling of meteoroid streams: The velocity of ejection of meteoroids from comets (a review)[END_REF]and, recently, Vaubaillon et al., 2019). Descriptions of the historical strategies of meteoroid stream simulations covered in sections 2 through 5 necessarily overlap with some of these previous works. They are however included (and sometimes updated) here for both completeness and their vital importance in understanding the current challenges of meteor shower prediction.

Nodes method

If the similarity between meteors and comet's debris had been sensed by several authors over the 19 th century, this connection was clearly established by the works of Kirkwood (1861) and Schiaparelli (1871) [START_REF] Williams | The origin and evolution of meteor showers and meteoroid streams[END_REF]. This discovery sparked the beginning of meteor shower forecasts based on the motion of their parent comets. Meteor apparitions were expected if and when the nodes of the parent body were located close to Earth's orbit (cf. Figure 1). or Chambers' hybrid symplectic scheme (e.g. [START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF]. Several of these tools are provided by the MERCURY package of [START_REF] Chambers | Mercury: A software package for orbital dynamics[END_REF].

The nodes method, applied to meteor shower forecasting, had mixed success in the past. It allowed successful predictions of the return of several showers like the Andromedids in 1872 and 1885 [START_REF] Jenniskens | Meteor Showers and their Parent Comets[END_REF] and the Draconids until 1946. However, this approach failed in predicting the 1899 Leonids (McNaught and Asher, 1999, cf. Section 5), as well as all the further Draconid apparitions [START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF]. The lack of accuracy of this method is due to the differences in orbital evolution between the ejected meteoroids and their parent bodies (cf. Section 4). Quantitative predictions of the precise time, duration, and strength of a shower can not be derived solely from the node location of the parent body. However, this method remains valuable to identify potential parent bodies of meteor showers. Characteristics of meteoroids ejected by Earth-crossing comets and asteroids, such as the radiant, entry velocity and time of closest approach with Earth, can be approximated from the parent body's orbit (e.g. using the procedures in [START_REF] Neslušan | A computer program for calculation of a theoretical meteor-stream radiant[END_REF]Neslušan et al., , 2014)). By comparing the theoretical showers obtained to meteor observation databases, the association between the shower and the potential parent body can be confirmed or rejected. This technique is therefore regularly used to investigate past cometary activity among the current Near Earth Asteroids (e.g. Babadzhanov andObrubov, 1980, 1983;[START_REF] Babadzhanov | Meteor Showers Associated with the Taurid Complex Asteroids[END_REF][START_REF] Babadzhanov | Meteor showers associated with the near-Earth asteroid (2101) Adonis[END_REF][START_REF] Babadzhanov | Near-Earth asteroids among the Scorpiids meteoroid complex[END_REF], to confirm genetic relationships between showers and comets, and to investigate past meteor storms caused by these bodies (e.g. [START_REF] Steel | When Might 2P/ENCKE have Produced Meteor Storms?[END_REF].

The failure of the nodes method in accurately predicting the apparition of various meteor showers can be explained by the complex orbital evolution of meteoroid streams after particle ejection. In the following section, we review the different ejection models commonly employed for meteoroid streams simulation. The different processes constraining the dynamical evolution of the ejected trails is briefly summarized in Section 4. In his model, comets are assumed to be a homogeneous mixture of dust grains and ices, outgassing when approaching the Sun (typically below 3 AU). During the ice sublimation process, dust grains are carried away by the gas outflow. The ejection velocity V ej of meteoroids is small compared to the comet orbital velocity, and typically ranges between a few m/s and up to 100 m/s. For this reason, V ej is fixed to a fraction of the parent comet's orbital velocity in various stream models (e.g. [START_REF] Neslušan | Comets 14P/Wolf and D/1892 T1 as parent bodies of a common, alpha-Capricornids related, meteor stream[END_REF][START_REF] Kańuchová | The parent bodies of the Quadrantid meteoroid stream[END_REF][START_REF] Tomko | Search for New Parent Bodies of Meteoroid Streams Among Comets. I. Showers of Comets 126P/1996 P1 and 161P/2004 V2 with Radiants on Southern Sky[END_REF], 2014, 2016, 2019).

Meteoroids ejection

Since its publication, this model was revisited by several authors. Jones (1995) updated [START_REF] Whipple | A Comet Model. II. Physical Relations for Comets and Meteors[END_REF] equations, removing the assumption of a nucleus limiting blackbody temperature and accounting for the adiabatic expansion of the gas released (which reduces the temperature of the comet's surface). Since only a limited fraction of the nucleus surface is active, the ejection is assumed to occur within a cone oriented towards the Sun. A modified version of [START_REF] Jones | The ejection of meteoroids from comets[END_REF] was developed by Brown and Jones (1998), considering a different dependence of the ejection velocity with the heliocentric distance. In addition, Brown and Jones (1998)'s ejection velocities follow a parabolic probability distribution. Similarly, [START_REF] Hughes | The velocity distributions of periodic comets and stream meteoroids[END_REF] model was based on Whipple's approach and also attempted to account for the fact that only discrete source regions are active over the nucleus surface. [START_REF] Ma | On the ejection velocity of meteoroids from comets[END_REF] reconsidered the whole process of ejection from Whipple's physical model of a comet which resulted in ejection velocities similar to [START_REF] Whipple | A Comet Model. II. Physical Relations for Comets and Meteors[END_REF]. Details of the mathematical implementation of these models can be found in Ryabova (2013)'s review.

Comet observations, especially those gathered during the 1P/Halley flybys in 1985, suggest that sublimation is not confined to the nucleus but occurs throughout the coma (Brown and Jones, 1998). This effect was considered in [START_REF] Crifo | A general physicochemical model of the inner coma of active comets. 1: Implications of spatially distributed gas and dust production[END_REF]'s new model of a nucleus, the only one of the above mentioned works not based on [START_REF] Whipple | A Comet Model. II. Physical Relations for Comets and Meteors[END_REF] equations. In [START_REF] Crifo | A general physicochemical model of the inner coma of active comets. 1: Implications of spatially distributed gas and dust production[END_REF], dust is emitted within the whole coma with a given probability distribution of ejection velocities. This model was later improved by [START_REF] Crifo | The Dependence of the Circumnuclear Coma Structure on the Properties of the Nucleus[END_REF] to consider a three-dimensional circumnuclear coma, ejected from a nucleus composed of dust and ice mixed on spherical grains. Interactions between the gas and particles between 0.01 µm and a few tens of cm are investigated, for heliocentric distances below 3 AU. Results of the application of this model to meteoroid stream modelling are presented in Vaubaillon et al. (2005a,b).

Meteoroid ejection velocities depend on various parameters, such as the heliocentric distance of the nucleus at ejection, the size and density of the particles, and their parent body. An illustration of various model velocity distributions of meteoroids ejected by comet 21P/Giacobini-Zinner over its 2018 revolution is presented in Figure 2. The comet is assumed to be spherical, with a diameter of 2 km and a density of 400 kg/m 3 . Particles of sizes between 1 mm and 10 mm and a density of 300 kg/m 3 are ejected isotropically from the sunlit hemisphere of the comet, using the models of [START_REF] Whipple | A Comet Model. II. Physical Relations for Comets and Meteors[END_REF]; [START_REF] Jones | The ejection of meteoroids from comets[END_REF], [START_REF] Jones | The ejection of meteoroids from comets[END_REF] modified by Brown and Jones (1998); [START_REF] Crifo | A general physicochemical model of the inner coma of active comets. 1: Implications of spatially distributed gas and dust production[END_REF] and [START_REF] Crifo | The Dependence of the Circumnuclear Coma Structure on the Properties of the Nucleus[END_REF]. The modelled comet ejects particle with a time step of one day for heliocentric distances below 3.7 au. We see that most of the different ejection models cover similar ranges of ejection velocity (between 0 and 60 m/s), with velocity distribution peaks occurring at differing velocities. Small secondary peaks are due to the superposition of V ej distributions derived for particles of different sizes. The model of [START_REF] Crifo | The Dependence of the Circumnuclear Coma Structure on the Properties of the Nucleus[END_REF] produces the lowest ejection velocities.

Figure 2: Ejection velocity distributions of meteoroids released by comet 21P/Giacobini-Zinner over its 2018 apparition. Simulated particles of 1 mg to 1 g are ejected from the comet using the models of [START_REF] Whipple | A Comet Model. II. Physical Relations for Comets and Meteors[END_REF]; [START_REF] Jones | The ejection of meteoroids from comets[END_REF], [START_REF] Jones | The ejection of meteoroids from comets[END_REF] modified by Brown and Jones (1998); [START_REF] Crifo | A general physicochemical model of the inner coma of active comets. 1: Implications of spatially distributed gas and dust production[END_REF] and [START_REF] Crifo | The Dependence of the Circumnuclear Coma Structure on the Properties of the Nucleus[END_REF].

Discussion

Several observations and measurements tend to support very low ejection velocities. The analysis of IRAS cometary dust trails suggested ejection velocities of 1 to 10 m/s [START_REF] Sykes | Cometary dust trails. I -Survey[END_REF]. Several comet trail models led to similar estimates, for example, an average value of 3.8 m/s was determined for comets 4P/Faye and 22P/Kopff (cf. [START_REF] Ryabova | Modeling of meteoroid streams: The velocity of ejection of meteoroids from comets (a review)[END_REF]. More recently, telescopic observations of comet 209P/LINEAR, parent body of the May Camelopardalids, revealed terminal ejection velocities of mm to cm-sized meteoroids of 1 to 4 m/s [START_REF] Ishiguro | Dust from Comet 209P/LINEAR during its 2014 Return: Parent Body of a New Meteor Shower, the May Camelopardalids[END_REF].

Similar results have been obtained by in-situ space missions. Observations during flybys of the comet 1P/Halley suggest ejection speeds lower than 10 m/s for particles in the 10 mg range [START_REF] Richter | Velocity of individual large dust particles ejected from Comet P/Halley[END_REF].

The GIADA (Grain Impact Analyzer and Dust Accumulator) instrument, on-board the Rosetta spacecraft analyzing 67P/Churyumov-Gerasimenko, estimated the mass and speed of the individual dust particles released by the comet nucleus. These measurements revealed ejection velocities from 0.3 m/s to 34.8 m/s for particles in the size ranges [10 -9 -10 -6 ] kg below ∼2 AU [START_REF] Della Corte | 67P/C-G inner coma dust properties from 2.2 au inbound to 2.0 au outbound to the Sun[END_REF]. Most of the particles recorded were ejected in a radial direction from the nucleus. By assuming that the particles all move radially away from the nucleus, [START_REF] Ott | Dust mass distribution around comet 67P/Churyumov-Gerasimenko determined via parallax measurements using Rosetta's OSIRIS cameras[END_REF] determined the velocity of 216 particles (in the [10 6 -10 2 ] kg mass range) recorded by Rosetta's OSIRIS camera. The minimum and maximum recorded speeds were respectively 0.3 and 29.7 m/s. 90% of the particles exhibited a velocity ≤ 5 m/s, leading to a mean value of 2.4 m/s relative to the nucleus. [START_REF] Rotundi | Dust measurements in the coma of comet 67P/Churyumov-Gerasimenko inbound to the Sun[END_REF] found velocities varying between 1 and 10 m/s at 3.6 AU inbound to the Sun, with a median radial velocity of 3.5 m/s.

The different ejection models presented in this section therefore tend to produce ejection velocities larger than what is commonly observed. Such divergence can be explained by the omission of several physical processes impacting the particles velocities, such as the influence of their shape factors [START_REF] Gustafson | Comet ejection and dynamics of nonspherical dust particles and meteoroids[END_REF][START_REF] Nakamura | Gas Drag Forces on Fractal Aggregates[END_REF] or the acceleration induced by further sublimation of the ice embedded in meteoroids after ejection [START_REF] Steel | Meteoroid Streams[END_REF].

Ejection location

Most cometary activity is confined to jets, localized in reduced areas over the nucleus surface. The variability of the ejection locations has been witnessed by several space missions. Pictures of comet 1P/Halley during the Giotto flyby revealed a concentration of the dust ejection to a sector of about 70 degrees towards the sun [START_REF] Keller | Comet P/Halley's nucleus and its activity[END_REF]. Several jets were observed over the sunlit hemisphere of the comet, while the rest of the surface appeared essentially inactive [START_REF] Emerich | Temperature and Size of the Nucleus of Comet p/ Halley Deduced from IKS Infrared VEGA-1 Measurements[END_REF][START_REF] Sekanina | The Sunward Spike of Halley's Comet[END_REF]. The OSIRIS camera on-board the Rosetta spacecraft identified several jets over the surface of comet 67P, contributing to approximately 10% of the dust production [START_REF] Schmitt | Long-term monitoring of comet 67P/ChuryumovGerasimenkos jets with OSIRIS onboard Rosetta[END_REF]. The Rosetta/VIRTIS instrument revealed a diurnal condensation-sublimation cycle of 67P's water ice, characterized by the condensation of sublimating gas in shadowed regions and the sublimation of water ice from illuminated surfaces. This mechanism could explain the formation of localized active regions over the nucleus [START_REF] De Sanctis | The diurnal cycle of water ice on comet 67P/Churyumov-Gerasimenko[END_REF].

Even if the influence of localized active regions must be considered when investigating the past dynamics of a nucleus [START_REF] Sekanina | Effects of discrete-source outgassing on motions of periodic comets and discontinuous orbital anomalies[END_REF], the location and temporal variability of jets are largely unknown for most observed comets. Modelers are therefore forced to rely on generic ejection models to simulate the formation of meteoroid streams. To account for localized active regions, some authors eject simulated particles within a cone centered on the Sun's direction (e.g Brown and Jones, 1998;[START_REF] Arter | Meteoroid ejection velocities deduced from a study of the April Lyrid meteor shower[END_REF][START_REF] Moser | Updates to the MSFC Meteoroid Stream Model[END_REF]. Others assume an isotropic ejection over the sunlit hemisphere of the comet, assumed to be spherical (e.g Vaubaillon et al., 2005a;[START_REF] Ryabova | A preliminary numerical model of the Geminid meteoroid stream[END_REF]. If persistent meteoroid ejection during the night time is suspected (because of the nucleus thermal conduction and inertia), a model may include ejection over the whole surface of the nucleus. Because of limited computing power, it is common to eject meteoroids only along preferential directions, for example parallel and perpendicular to the comet's motion (cf. Section 5). In other cases, particles are ejected uniformly over latitude bands in the sunlit hemisphere of the comets (e.g. [START_REF] Kornoš | On the orbital evolution of the Lyrid meteoroid stream[END_REF]. Meteoroids ejection directions are expected to have only a modest influence on a stream's structure after a few revolutions (e.g. Brown and Jones, 1998;[START_REF] Maslov | Forecast of the Comet 46P/Wirtanen Meteor Shower Activity in 2017 and 2019[END_REF][START_REF] Tomko | Meteoroid-stream complex originating from comet 2P/Encke[END_REF].

Ejection distance

In the earliest numerical models of meteoroid streams, particles were ejected at the parent body's perihelion only (cf. Section 5). This approximation of trail formation does not reproduce the physical behavior of a parent comet. The onset of activity is variable from comet to comet, and is characterized by the sublimation of ices from the nucleus. The activity of most comets begins around 3 AU with the sublimation of frozen water, representing at this distance ∼90% of the volatiles flowing out of the comet [START_REF] Combi | Gas dynamics and kinetics in the cometary coma: theory and observations[END_REF]. Most of the ejection models presented in Section 3.1 are based on the sublimation of water ice with sublimation occurring at heliocentric distances below 3 au (e.g. [START_REF] Wiegert | The Return of the Andromedids Meteor Shower[END_REF][START_REF] Soja | Characteristics of the dust trail of 67P/Churyumov-Gerasimenko: an application of the IMEX model[END_REF][START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF]. However, significant activity caused by the sublimation of other volatiles [START_REF] Mazzotta Epifani | The distant activity of short-period comets -I[END_REF][START_REF] Womack | CO and Other Volatiles in Distantly Active Comets[END_REF] has been noticed in several comets beyond 3 AU. For lack of a better approach, the ejection models mentioned above are sometimes extended beyond the 3 AU limit to mimic the ejection of meteoroids further from the Sun (e.g. [START_REF] Arter | Meteoroid ejection velocities deduced from a study of the April Lyrid meteor shower[END_REF][START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF] .

Stream evolution

Because the ejection velocity of the dust grains is small compared to the parent body's orbital speed, meteoroid orbits are initially close to the parent body's orbit. The initial distribution in semi-major axis of the new stream is dominated by the particles ejection velocities. However, immediately after ejection, meteoroids are exposed to several non-gravitational forces influencing their motion on different timescales.

Radiative forces

The most significant radiative forces acting upon a meteoroid's dynamical evolution are solar radiation pressure, the Poynting-Robertson drag, the scattering of solar wind particles, and the diurnal and seasonal Yarkovsky effect. Detailed descriptions of these effects can be found in [START_REF] Burns | Radiation forces on small particles in the solar system[END_REF], [START_REF] Lyytinen | Predicting the Strength of Leonid Outbursts[END_REF], [START_REF] Koschny | Interplanetary dust, meteoroids, meteors and meteorites[END_REF] among others.

Radiation pressure is the strongest non-gravitational force acting upon a meteoroid. This force results from the momentum transfer between solar photons and the particle, and can be decomposed into three parts: the absorption and scattering of the photon's energy, and the re-emission of thermal energy [START_REF] Lyytinen | Predicting the Strength of Leonid Outbursts[END_REF]. The radiation pressure F rad is often characterized by the β parameter, equal to the ratio of F rad with the Sun's gravitational attraction (β = F rad /F grav ). In the case of a spherical, homogeneous and non-rotating particle the resultant is a radial force away from the Sun that tends to increase the particles semi-major axis.

Immediately after ejection, the combined influence of the radial radiation pressure and velocity V ej relative to the nucleus induce a dispersion of the meteoroids' semi-major axis. Because of the resulting different orbital periods, the stream stretches along the whole comet orbit in only a few revolutions (cf.

Figure 3). Large particles remain close to the nucleus for a longer period of time, while for small particles, some extend ahead of the comet while a majority extend behind. 1905, 1912, 1928, 1925, 1931 and 1938 AD is presented above. For clarity, each snapshot of the trail's position is artificially shifted vertically. Since the median orbital period of the particles is around 6.6 years, the termination locations of the trail differ for each selected epoch.

Because of radiative forces and different ejection velocities, meteoroids stretch along a confined orbital corridor in a few orbital revolutions.

The Poynting-Robertson (P-R) effect results from the non-isotropic re-emission of solar energy stored by the meteoroid which is in motion relative to the sun. The radiation is emitted with higher momentum in the direction of motion, reducing the meteoroid's velocity. Overall, the magnitude of the Poynting-Robertson drag is about 10 4 lower than the radiation pressure. It is therefore negligible at the early evolutionary stage of a stream [START_REF] Kresák | Meteor storms (Invited)[END_REF], but can be significant over long periods of time. The P-R force acts preferentially upon small particles, causing a circularization of their orbits and a reduction of their semi-major axis over time. Because of this in-spiraling effect, meteoroids are susceptible to becoming trapped into planetary resonances or to falling into the Sun in a few thousands of years [START_REF] Wiegert | The Dynamics of Low-Perihelion Meteoroid Streams[END_REF].

The Yarkovsky-Radzievskii effect (hereafter called "Yarkovsky") is caused by the non-isotropic thermal emission of a rotating meteoroid. The thermal inertia of the grain, coupled with a slow rotation, induces a higher re-emission from the warmest surface (before entering twilight) than from the coldest one (before leaving twilight). The resulting net force, called the diurnal Yarkovsky effect, can be neglected for particles smaller than 10 cm [START_REF] Vokrouhlický | Efficient delivery of meteorites to the Earth from a wide range of asteroid parent bodies[END_REF]. The seasonal Yarkovsky effect relates to the tilt of the meteoroid's spin axis: the more efficient thermal re-radiation from the "summer" hemisphere induces a force oriented towards the "winter" hemisphere. Following [START_REF] Olsson-Steel | The dispersal of the Geminid meteoroid stream by radiative effects[END_REF] or [START_REF] Lyytinen | Predicting the Strength of Leonid Outbursts[END_REF], this effect can have a notable influence on the stream's evolution; however, since it remains small compared to the radiation pressure, it is not uncommon to neglect its action for meteoroid stream modelling (e.g. [START_REF] Koschny | Interplanetary dust, meteoroids, meteors and meteorites[END_REF]. The influence of other non-gravitational forces, like the consequences of further ice sublimation (negligible once away from the nucleus for mm-sized grains ejected at 1 AU, cf. [START_REF] Beech | The endurance lifetime of ice fragments in cometary streams[END_REF] or the action of solar wind are also usually ignored (cf. [START_REF] Vaubaillon | Dynamique des météoroïdes dans le système solaire. application à la prévision des pluies météoritiques en général[END_REF].

The importance of considering the influence of solar radiation pressure and Poynting-Robertson drag was highlighted by [START_REF] Kresák | Orbital evolution of the dust streams released from comets[END_REF]. Since then, the inclusion of radiative forces in several meteoroid stream models reduced the divergence between simulations and meteor observations (e.g. [START_REF] Jakubík | Meteor complex of asteroid 3200 Phaethon: its features derived from theory and updated meteor data bases[END_REF][START_REF] Neslušan | A study to improve the past orbit of comet C/1917 F1 (Mellish) on the basis of its observed meteor showers[END_REF][START_REF] Hajduková | Regular and transitory showers of comet C/1979 Y1 (Bradfield)[END_REF][START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF].

Planetary perturbations

Because of the combined influence of different ejection velocities and radiative forces, meteoroid streams disperse with time. The dynamical memory of their association with the parent body is progressively lost, and after a long period of time the streams are so diluted that they become a part of the sporadic background.

Under this evolution scenario, a trail's dispersion provides a direct indication of its age (e.g. [START_REF] Abedin | Formation and past evolution of the showers of 96P/Machholz complex[END_REF]. However, planetary perturbations can significantly modify the evolution of a stream.

Planets exert differential perturbations along a specific stream and between trails of different ages, modifying a meteoroid's orbit in a systematic way. In addition, close encounters with planets can permanently modify the stream's structure, creating gaps, splitting trails in several filaments, and even generating orphan streams [START_REF] Vaubaillon | On the mechanisms leading to orphan meteoroid streams[END_REF]. An example of such structural modifications is presented in Figure 4.

Other dynamical regimes, such as mean motion resonances (MMR) with Jupiter, Saturn and the inner terrestrial planets can also shape the meteoroid's evolution. MMRs are efficient in creating compact clusters of meteoroids which evolve on similar trajectories for several thousands of years. These dense clusters generally avoid close encounters with the planets responsible for the resonance mechanism, but can sometimes encounter Earth (such as the Taurid meteoroid swarm, cf. [START_REF] Asher | Meteor observations in Japan: new implications for a Taurid meteoroid swarm[END_REF]. Under the action of non-gravitational forces, meteoroids can fall into an MMR during their evolution. Detailed analysis of the effects of two and three-body resonances can be found in [START_REF] Sekhar | General relativistic precession in meteoroid orbits[END_REF]Asher (2013, 2014); [START_REF] Sekhar | Three-body resonance in meteoroid streams[END_REF].

Dust trail theories

The low reliability of the nodes method in predicting meteor showers is easily explained by all the perturbing mechanisms underlying the evolution of a meteoroid stream. Consequently, the influence of planetary perturbations on meteoroid streams evolution started to be investigated at the end of the 19 th century by J. Stoney and A.M.W. Downing [START_REF] Asher | Leonid Dust Trail Theories[END_REF]. With the advent of computers and the subsequent rapid increase of computational power, representative meteoroid streams started to be simulated about one century later. The concept of simulating dust trails was first successfully applied by [START_REF] Kondrateva | Comet Tempel-Tuttle and the Leonid meteor swarm[END_REF] to predict the main peak time of the 1999 Leonids storm. Similar but independent studies were performed later by [START_REF] Wu | Leonid meteor storms[END_REF], [START_REF] Mcnaught | Leonid Dust Trails and Meteor Storms[END_REF] and [START_REF] Lyytinen | Leonid predictions for the years 1999-2007 with the satellite model of comets[END_REF]. The methodology, widely known through Asher (1999) and [START_REF] Mcnaught | Leonid Dust Trails and Meteor Storms[END_REF]'s papers, can be summarized in three main steps:

1. For each comet apparition, particles are ejected at perihelion in specific directions (e.g. tangential or along the direction of motion). The perihelion distance and angular elements of the particles are fixed to the parent comet's orbital parameters. The ejection velocity is characterized by an initial dispersion ∆a 0 of the meteoroids semi-major axis. Ejection models presented in Section 3.1 can also be applied. 2. After ejection, the simulated meteoroids are integrated until nodal crossing of the year of interest.

Trails having a reasonable probability of producing a shower on Earth are identified. 3. For a given date of ejection and intersection with Earth, only particles with an appropriate semi-major axis (and, therefore, orbital period) need to be considered. The evolution of the meteoroids' semi-major axis under the combined influence of radiative forces and planetary perturbations is determined with a few integrations. If the approximate date of a meteor shower is known from previous observations, one can therefore select only the trail's simulated particles having an adequate ∆a 0 at ejection. Integrating only particles that will become a meteor allows to increase the number of simulated meteoroids approaching Earth at the appropriate date.

Predictions of Leonid activity over the 1999-2002 period based on dust trail simulations (e.g. [START_REF] Kondrateva | Comet Tempel-Tuttle and the Leonid meteor swarm[END_REF][START_REF] Mcnaught | Leonid Dust Trails and Meteor Storms[END_REF][START_REF] Lyytinen | Leonid predictions for the years 1999-2007 with the satellite model of comets[END_REF] were later confirmed by meteor observations. Many of the inaccuracies of previous Leonid storm predictions were caused by considering the comet parent's nodal longitude and distance instead of those of the ejected stream [START_REF] Mcnaught | Leonid Dust Trails and Meteor Storms[END_REF].

With this new approach, estimated peak times matched the observations within a few minutes of accuracy (cf. [START_REF] Watanabe | Phoenicids in 1956 Revisited[END_REF], leading to the first true success in meteor shower forecasting.

Since the success of the Leonid predictions, dust trail calculations were extended to several major and minor showers. Non-exhaustive examples are the Draconids modelling of [START_REF] Sato | An investigation into the 1998 and 1999 Giacobinids by meteoroid trajectory modeling[END_REF], the June Bootids [START_REF] Asher | The origin of the June Bootid outburst in 1998 and determination of cometary ejection velocities[END_REF], the Perseids [START_REF] Lyytinen | Perseid one-revolution outburst in 2004[END_REF], the Quadrantids [START_REF] Kańuchová | The parent bodies of the Quadrantid meteoroid stream[END_REF], the Ursids (Jenniskens et al., 2007), the Phoenicids [START_REF] Sato | Forecast for Phoenicids in 2008, 2014, and 2019[END_REF][START_REF] Sato | Detection of the Phoenicids meteor shower in 2014[END_REF], the October Camelopardalids [START_REF] Jenniskens | October Camelopardalid Meteors 2017[END_REF], and several others (cf. [START_REF] Lyytinen | Meteor outbursts from long-period comet dust trails[END_REF]. 6. Full dynamical models

Principle

Along with the development of dust trail calculations, increasing computing capabilities led to full dynamical models of meteoroid ejection and orbital evolution. Previously, limited computing power prevented the integration of large samples of meteoroids over long time periods. Before the 1990s, only a few thousand particles at most were simulated to describe a trail's evolution (cf. Figure 5). The work of Brown andJones (1996, 1998), involving the generation of millions of test particles, opened the era of full dynamical simulations. In their modelling of the Leonids and Perseids meteoroid streams, particles were ejected along an arc of the parent comet orbit, considering several size bins and different ejection models, and integrated under the influence of gravitational perturbations and radiative forces.

At the expense of computing time, full dynamical models mimic the meteoroid streams formation and evolution with unprecedented realism. The large number of simulated particles allow for the examining of the influence of the ejection circumstances on the streams structures near Earth (e.g. Brown and Jones, 1998). When simulating a representative meteoroid trail, and not the localized ejection of a small number of particles, no specific analysis of the radiative and gravitational perturbations (resonances, close encounters) is necessary. Large-scale simulations are therefore of interest when examining the case of highly perturbed meteoroid streams (e.g. [START_REF] Soja | Characteristics of the dust trail of 67P/Churyumov-Gerasimenko: an application of the IMEX model[END_REF][START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF]. In addition, these calculations are no longer hampered by the lack of previous observations of the shower needed to estimate an approximated apparition date (cf. Sections 5).

Full models offer the opportunity of including several physical and dynamical properties of the parent comet in the stream simulation. The main breakthrough in this area stemmed from the model of Vaubaillon et al. (2005a). In his simulations, a constant number of particles are ejected from the comet at regular time steps. After integration, each meteoroid impacting Earth is assigned a weight representing the real number of meteoroids ejected by the comet under the same circumstances. This weight is, among other factors, a function of the meteoroids size distribution at ejection and the amount of dust released at this heliocentric distance. The latter is characterized by the Af ρ parameter (A' Hearn et al., 1984) of the parent comet at perihelion (measured from photometric observations of the body) and assuming an evolution as r γ h (with, typically, γ ∼ -2). The strength of Vaubaillon's approach resides in scaling the particles after the integration; parameters of the parent comet activity can therefore be modified or updated without further resource-intensive integrations of the stream. [START_REF] Clark | Dynamical modelling of meteoroid streams[END_REF] describe an extension to Vaubaillon's approach where adjustments to the parameters of the particle eject environment and the resulting changes to the meteoroid stream could be experienced interactively. Vaubaillon et al. (2005a) approach was later on applied to several stream simulations (e.g. Jenniskens et al., 2007;[START_REF] Jenniskens | Meteor Showers and their Parent Comets[END_REF]Vaubaillon, 2008, 2010;[START_REF] Vaubaillon | The coming 2011 Draconids meteor shower. WGN[END_REF][START_REF] Vaubaillon | Meteor hurricane at Mars on 2014 October 19 from comet C/2013 A1[END_REF][START_REF] Šegon | Dynamical modeling validation of parent bodies associated with newly discovered CMN meteor showers[END_REF][START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF].

Extensions

Over the last decade, several full models of specific meteor showers were constructed, including different ejection methods and weighting schemes (e.g. [START_REF] Wiegert | The Return of the Andromedids Meteor Shower[END_REF][START_REF] Ye | The unexpected 2012 Draconid meteor storm[END_REF][START_REF] Ryabova | A preliminary numerical model of the Geminid meteoroid stream[END_REF][START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF]. In addition, the generalization of this approach led to the first meteoroid models of the whole Solar System. For example, NASA's Meteoroid Environment Office (MEO) issues annual forecasts of meteor showers based on the model of [START_REF] Moser | Updates to the MSFC Meteoroid Stream Model[END_REF]. Predictions focus on particles sizes that represent a threat for spacecraft [START_REF] Moorhead | Meteor shower forecasting in near-Earth space[END_REF]. [START_REF] Wiegert | Theoretical Modeling of the Sporadic Meteor Complex[END_REF][START_REF] Wiegert | A dynamical model of the sporadic meteoroid complex[END_REF] simulated the sporadic meteoroid complex, considering the dust production from tens of parent comets and from the main belt. Simulations were calibrated on five years of measurements of the Canadian Meteor Orbit Radar (CMOR). ESA's Interplanetary Meteoroid Environment for Exploration (IMEX) project provides a model of 420 short-period comets, including Jupiter-family, Halley-type, and Encke-type comets [START_REF] Soja | Characteristics of the dust trail of 67P/Churyumov-Gerasimenko: an application of the IMEX model[END_REF]. With more than one billion of particles simulated, the IMEX model provides the most detailed reproduction of the current Solar System meteoroid environment. Full simulations also led to extremely detailed models of specific showers and stream complexes. In addition to detailed comparison with meteor observations, these studies are characterized by a cautious analysis of the parent body's dynamical history. The ejection from several clones of the parent is sometimes considered to increase the validity of the simulated streams. The study of the 96P/Machholz complex performed by [START_REF] Abedin | On the age and formation mechanism of the core of the Quadrantid meteoroid stream[END_REF]; Abedin (2016); [START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF][START_REF] Abedin | Formation and past evolution of the showers of 96P/Machholz complex[END_REF] is an example of one such comprehensive analysis. Similar considerations about the uncertainty of the parent body's past motion also led recently to a new method of meteor showers forecasting. The approach, based on Monte Carlo-type simulations, is detailed in [START_REF] Kastinen | A Monte Carlo-type simulation toolbox for Solar System small body dynamics: Application to the October Draconids[END_REF]. In this model, tens of clones of the parent body are generated, each one ejecting thousands of particles during several comet apparitions (following [START_REF] Hughes | The velocity distributions of periodic comets and stream meteoroids[END_REF]. All the possible streams are then integrated and processed together, to derive a probabilistic computation of the meteor showers characteristics (existence, apparition date, etc.). However, the software does not currently provide reliable estimates of the showers intensity [START_REF] Kastinen | A Monte Carlo-type simulation toolbox for Solar System small body dynamics: Application to the October Draconids[END_REF].

Intensity predictions

ZHR computation

Determining the intensity of a meteor shower requires estimating the particle flux along, across, and perpendicular to the meteoroid stream. For ease of comparison with meteor observations, the simulated shower's Zenithal Hourly Rate (ZHR) is usually computed instead of the flux. The ZHR represents the number of meteors a single observer would see during an hour in optimum circumstances (ideal atmospheric conditions and radiant located at the zenith). For most dust trail calculations presented in Section 5, the ZHR is determined by adjusting a multi-parameter density profile to previous observations of the shower.

Usual parameters involved in the density function are (e.g. [START_REF] Mcnaught | Leonid Dust Trails and Meteor Storms[END_REF][START_REF] Lyytinen | Predicting the Strength of Leonid Outbursts[END_REF][START_REF] Jenniskens | Lorentz Shaped Comet Dust Trail Cross Section from New Hybrid Visual and Video Meteor Counting Technique -Implications for Future Leonid Storm Encounters[END_REF][START_REF] Watanabe | Activities of Parent Comets and Related Meteor Showers[END_REF]:

-The mean anomaly factor f M , characterizing how the stream stretches along the orbit with time. This parameter is usually inversely proportional to the trail's number of revolutions since ejection n, -A function f a of the initial semi-major axis dispersion ∆a, related to the particles' ejection velocities, and -A function f r of the nodal distance between Earth and the center of the trail (r er a,d ). r e represents the heliocentric distance of Earth and r a,d the heliocentric distance of the trail's ascending node (r a )

or descending node (r d ), depending on which one contributes to the meteor shower analyzed.

f a (∆a) and f M describe how the density evolves along the trail. The density across the trail f r is more complicated to determine. The radial density is assumed to increase towards the center of the trail (when r er a,d decreases), and needs to be determined from past measurements of the meteor shower.

With full dynamical models, the meteoroid flux can sometimes be computed directly from the number of simulated particles approaching Earth in function of time (e.g. Vaubaillon et al., 2005b;[START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF][START_REF] Egal | The Draconid Meteoroid Stream 2018: Prospects for Satellite Impact Detection[END_REF]. The ZHR is then derived from the meteoroid flux using the relation of [START_REF] Koschack | Determination of spatial number density and mass index from visual meteor observations (II). WGN[END_REF], and can be scaled on meteor observations (cf. Vaubaillon et al., 2005a;[START_REF] Moorhead | Meteor Shower Forecasting for Spacecraft Operations[END_REF]or Egal et al., 2019 for details).

Increasing statistics

Even if millions of meteoroids are simulated from the parent body, the number of model particles that physically impact Earth is still too small to derive a reliable flux profile. Impactors are typically selected from particles approaching the planet below a few hundredths of an AU (cf. Section 8). However, because trails evolve and have fine structure, it is sometimes unwise to consider large collecting regions around Earth. To increase the number of impactors it is then necessary to increase the total number of simulated particles with additional simulations. An alternative solution to this "brute-force" approach is to select the particles at ejection as in the dust trail calculations. Hybrid solutions can also be considered: in [START_REF] Sato | An investigation into the 1998 and 1999 Giacobinids by meteoroid trajectory modeling[END_REF], large-scale simulations are performed after identifying the interesting trails with a first fast integration. In [START_REF] Wiegert | The Return of the Andromedids Meteor Shower[END_REF]'s "bull's-eyes method", clones of each potential impactor (identified from a first full simulation of the stream) are integrated in a second set of simulations to increase the number of particles reaching the planet (e.g [START_REF] Ye | The unexpected 2012 Draconid meteor storm[END_REF]. Finally, when the general structure of a stream needs to be determined, it is common to compile the nodal crossing location of all the particles over several decades (e.g [START_REF] Jenniskens | Predictions for the Aurigid Outburst of 2007 September 1[END_REF][START_REF] Šegon | Dynamical modeling validation of parent bodies associated with newly discovered CMN meteor showers[END_REF].

A second issue arises when computing the meteoroid flux from the simulated streams. Since a real comet ejects many more meteoroids than reproduced in the simulations, particles need to be scaled accordingly.

They can be weighted in function of the parent body's activity and their circumstances of ejection (e.g. size, epoch, true anomaly or heliocentric distance, cf. Vaubaillon et al., 2005a;[START_REF] Wiegert | A dynamical model of the sporadic meteoroid complex[END_REF][START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF] or impact with the planet [START_REF] Moser | Updates to the MSFC Meteoroid Stream Model[END_REF]. Other approaches consist of direct comparison to the unweighted number of particles to meteor observations to estimate the ZHR (e.g. Jenniskens et al., 2007;[START_REF] Ryabova | A preliminary numerical model of the Geminid meteoroid stream[END_REF].

The importance of meteor observations

Estimating a meteor shower's intensity is the most complex challenge any predictive meteoroid stream model faces. The extreme variability of comets either in terms of dynamics or activity usually makes their recent history unclear, even for the most studied comets (1P/Halley, cf. [START_REF] Yeomans | The long-term motion of comet Halley[END_REF]67P/Churyumov-Gerasimenko, cf. Maquet, 2015). When the comet's past activity is stable and well determined, associated meteor showers are usually accurately predicted [START_REF] Jenniskens | Meteor Showers and their Parent Comets[END_REF]. Difficulties arise in the case of highly perturbed meteoroid streams, or when the parent body is unknown or its dynamical behavior poorly constrained. In these situations, forecasts are forced to rely on previous observations of the shower. Because of the low accuracy of ZHR quantitative estimates, a confidence index of meteor showers predictions was proposed by [START_REF] Vaubaillon | A confidence index for forecasting of meteor showers[END_REF].

Meteor observations are essential to improving the modelling of meteoroid streams. They represent, at the current date, the most efficient way of validating or rejecting the dynamical models developed. Longterm monitoring of meteor showers activity profiles can also be used for calibration purposes (intensity, ejection epoch, etc.) or to constrain the past history of the parent body (e.g. [START_REF] Abedin | On the age and formation mechanism of the core of the Quadrantid meteoroid stream[END_REF][START_REF] Jakubík | Meteor complex of asteroid 3200 Phaethon: its features derived from theory and updated meteor data bases[END_REF][START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF][START_REF] Tomko | Meteoroid-stream complex originating from comet 2P/Encke[END_REF][START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF]. Several attempts at characterizing past cometary ejection processes from meteor(oid) measurements have also been conducted [START_REF] Arter | Meteoroid ejection velocities deduced from a study of the April Lyrid meteor shower[END_REF][START_REF] Asher | Meteor Outburst Profiles and Cometary Ejection Models[END_REF]. However, such analyses were usually hampered by the low accuracy of the computed meteoroid orbits, due to both technical and methodological limitations [START_REF] Egal | The challenge associated with the robust computation of meteor velocities from video and photographic records[END_REF]Vida et al., 2018). At present, the advent of high-precision data (e.g. [START_REF] Abedin | On the age and formation mechanism of the core of the Quadrantid meteoroid stream[END_REF] and the development of new techniques of meteor processing [START_REF] Vida | Which trajectory solver is best for your optical meteor data? Algorithm implications for radiant and orbit accuracy[END_REF] present a realistic possibility of characterizing the parent bodies' dynamical and activity histories through meteor measurements.

Overview of current stream models

The recent explosion in the number and quality of multi-technique meteor observations and the improvements of data processing methods is shepherding in a new era in meteoroid stream simulation. This section attempts to provide a non-exhaustive overview of recent predictive models of meteor showers.

Complex model classification

In sections 5 to 7, we have presented the main methodologies used today in meteor shower forecasts. One approach consists of simulating one or several idealized meteoroid trails, using simplified ejection circumstances and then performing a conservative analysis of trail evolution (e.g. dust trail calculations). The second approach focuses on a complete modelling of the stream's formation, involving the simulation of millions of test particles and a more comprehensive analysis of their evolution (full dynamical models). Some reference works in these categories are those of [START_REF] Mcnaught | Leonid Dust Trails and Meteor Storms[END_REF]; [START_REF] Lyytinen | Predicting the Strength of Leonid Outbursts[END_REF]; [START_REF] Sato | An investigation into the 1998 and 1999 Giacobinids by meteoroid trajectory modeling[END_REF]; Vaubaillon et al. (2005a); [START_REF] Watanabe | Activities of Parent Comets and Related Meteor Showers[END_REF] or [START_REF] Wiegert | The Return of the Andromedids Meteor Shower[END_REF].

However, tens of successful models based on both approaches are excluded from this binary classification. We could mention for example the methodology of [START_REF] Neslušan | Comets 14P/Wolf and D/1892 T1 as parent bodies of a common, alpha-Capricornids related, meteor stream[END_REF], implemented in several recent works (e.g. [START_REF] Tomko | Search for New Parent Bodies of Meteoroid Streams Among Comets. I. Showers of Comets 126P/1996 P1 and 161P/2004 V2 with Radiants on Southern Sky[END_REF]Neslušan et al., 2013a,b;[START_REF] Tomko | Prediction of meteor shower associated with Comet 122P/de Vico[END_REF][START_REF] Tomko | Prediction of meteor shower of comet 161P/2004 V2[END_REF]Neslušan and Hajduková, 2014;[START_REF] Neslušan | The meteoroid streams crossing the frequently outbursting comet 29P/Schwassmann-Wachmann[END_REF]Neslušan et al., 2014;[START_REF] Hajdukova | Comet C/1917 F1 (Mellish) meteor shower complex[END_REF][START_REF] Hajdukova | April ρ Cygnids and comet C/1917 F1 Mellish[END_REF][START_REF] Jakubík | Meteor complex of asteroid 3200 Phaethon: its features derived from theory and updated meteor data bases[END_REF][START_REF] Neslušan | A study to improve the past orbit of comet C/1917 F1 (Mellish) on the basis of its observed meteor showers[END_REF][START_REF] Tomko | Meteoroid stream of 12P/Pons-Brooks, December κ-Draconids, and Northern June Aquilids[END_REF][START_REF] Hajduková | Regular and transitory showers of comet C/1979 Y1 (Bradfield)[END_REF]Neslušan and Hajduková, 2018a,b;[START_REF] Tomko | Meteoroid-stream complex originating from comet 2P/Encke[END_REF][START_REF] Hajduková | Modeling of the meteoroid stream of comet C/1975 T2 and λ-Ursae Majorids[END_REF]. In this approach, a simplified trail is generated by isotropically ejecting a few thousands of particles at perihelion with only two free parameters: the ejection epoch t ej and the particles' β. This scenario assumes that the initial dynamical characteristics of the particles are forgotten after a given relaxation time [START_REF] Tomko | Meteoroid-stream complex originating from comet 2P/Encke[END_REF]. After integration, the distributions of t ej and β are characterized by identifying Earth-crossing filaments with their real counterparts in several meteor observations databases. If a simulated filament possesses an observational equivalent, the correlation between the meteor shower and the parent body is confirmed.

Along with the methods mentioned above, several simulations of particular showers have blossomed over the past 30 years. Most of these analyses mainly differ on the selected simulations parameters, and are not considered in a strict sense as a new approach in stream modelling. However, the choice of parameters such as the determination of the parent body's motion, the model of ejection of the particles, the stream integration method, or the impactors' selection and processing can be crucial for the accuracy of the predictions (cf. Section 9). For this reason, instead of listing the latest stream modelling works, the following section summarizes the main decisions current modellers face when constructing a meteor shower forecast. The main stages of meteor shower predictions are presented in Figure 6. Dynamics -Recent works are characterized by a cautious determination of the parent comet's ephemeris over the integration period. The motion of the parent body is usually integrated numerically from an orbital solution, computed from telescopic observations. The influence of non-gravitational forces upon the comet's orbital evolution is often examined to increase the validity of the integration [START_REF] Maquet | The recent dynamical history of comet 67P/Churyumov-Gerasimenko[END_REF][START_REF] Galushina | The force model for asteroid (3200)[END_REF][START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF]. Corrections for long-term relativistic effects (GR precession), necessary for the parent body and the associated meteoroid streams (see for example [START_REF] Fox | The evolution of the orbit of the Geminid meteor stream[END_REF][START_REF] Galushina | The force model for asteroid (3200)[END_REF], are also usually applied. Such corrections are particularly important for low perihelion distance and low semi-major axis meteoroid streams [START_REF] Sekhar | General relativistic precession in meteoroid orbits[END_REF].

To account for the uncertainty of the parent body's location, several works analyze the evolution of hundreds of clones of the body, created using the covariance matrix of the selected orbital solution (e.g. [START_REF] Jakubík | Meteor complex of asteroid 3200 Phaethon: its features derived from theory and updated meteor data bases[END_REF][START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF][START_REF] Tomko | Meteoroid-stream complex originating from comet 2P/Encke[END_REF]. When the dispersion of the clones becomes significant (i.e. the past motion of the parent is poorly constrained), each potential evolution of the parent body needs to be investigated. In some cases however, the analysis of the parent body past dynamical regime (e.g. mean motion resonances, Kozai oscillations) may allow for the selection of the most physically probable clones to be included in the modelling [START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF].

Considering long-term effects like GR precession or Lidov-Kozai mechanisms can also be crucial to associate a meteor shower to its parent body; a representative example of such a situation is the case of comet 96P/Machholz and the Arietids and Southern δ-Aquariids meteor showers (for more information, see [START_REF] Ohtsuka | On the Association among Periodic Comet 96P/Machholz, Arietids, the Marsden Comet Group, and the Kracht Comet Group[END_REF][START_REF] Sekanina | Origin of the Marsden and Kracht Groups of Sunskirting Comets. I. Association with Comet 96P/Machholz and Its Interplanetary Complex[END_REF][START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF][START_REF] Sekhar | Change in general relativistic precession rates due to Lidov-Kozai oscillations in Solar system[END_REF].

Activity -The meteoroid ejection models of Section 3.1 require physical information about the comet (size, density) and its estimated percentage of active surface. When unknown, the latter is typically fixed to 10%, determined for comet 1P/Halley [START_REF] Mendis | A postencounter view of comets[END_REF]. By default, the cometary dust production is assumed to vary with the heliocentric distance as 1/r γ h , with values of γ usually ranging from between 2 and 6 (see [START_REF] Ryabova | A preliminary numerical model of the Geminid meteoroid stream[END_REF]. When available, photometric observations of the cometary dust production can be used to calibrate the predictions (Vaubaillon et al., 2005a;[START_REF] Watanabe | Activities of Parent Comets and Related Meteor Showers[END_REF][START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF].

Meteoroid ejection

Direction and velocity -The ejection methods presented in Section 3.1 are extensively employed by current stream models (e.g. [START_REF] Wiegert | The Return of the Andromedids Meteor Shower[END_REF][START_REF] Ye | The unexpected 2012 Draconid meteor storm[END_REF][START_REF] Soja | Characteristics of the dust trail of 67P/Churyumov-Gerasimenko: an application of the IMEX model[END_REF][START_REF] Micheli | Evidence for 2009 WN 25 being the parent body of the November i-Draconids (NID)[END_REF][START_REF] Ryabova | A preliminary numerical model of the Geminid meteoroid stream[END_REF][START_REF] Abedin | On the age and formation mechanism of the core of the Quadrantid meteoroid stream[END_REF][START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF][START_REF] Šegon | Dynamical modeling validation of parent bodies associated with newly discovered CMN meteor showers[END_REF][START_REF] Kastinen | A Monte Carlo-type simulation toolbox for Solar System small body dynamics: Application to the October Draconids[END_REF][START_REF] Egal | The Draconid Meteoroid Stream 2018: Prospects for Satellite Impact Detection[END_REF][START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF]. Using an ejection scheme inherited from dust trail calculations (ejection at perihelion, along definite directions and with discrete values of velocity V ej ) is another frequent strategy (e.g [START_REF] Maslov | Draconid Trail Activity in 2011 and the Prospects for 2014[END_REF][START_REF] Maslov | Gravitational Shifts and the Core of Perseid Meteoroid Stream[END_REF][START_REF] Maslov | Forecast of the Comet 46P/Wirtanen Meteor Shower Activity in 2017 and 2019[END_REF]Maslov, 2017, and the examples of Section 5). As detailed in Section 8.1, hybrid approaches consist of filling the phase space by ejecting particles at perihelion in all the directions. r h dependence -In some studies the number of particles ejected at a given true anomaly still follows the assumed 1/r γ h dependence of the parent comet's dust production. However, a more judicious approach consists of scaling a temporally uniform ejection of particles to the parent body's activity after integration (Vaubaillon et al., 2005a;[START_REF] Wiegert | A dynamical model of the sporadic meteoroid complex[END_REF][START_REF] Ye | The unexpected 2012 Draconid meteor storm[END_REF].

Integration

As is the case for the parent body's motion, meteoroid streams are usually integrated using well-known procedures (RA15, Runge-Kutta, Bulirsch-Stoer, etc., see Section 2). Small and variable time steps are requested to handle planetary close encounters with accuracy. In addition, future short and long-term integrations of meteoroid streams should benefit from the performances of the more recent IAS15 integrator [START_REF] Rein | IAS15: a fast, adaptive, high-order integrator for gravitational dynamics, accurate to machine precision over a billion orbits[END_REF], able to maintain systematic errors below the machine precision during billions of dynamical times. Common force models include the gravitational influence of the 8 planets of the Solar System, the Moon, and radiative forces (radiation pressure and Poynting-Robertson drag). Corrections for general relativistic effects (GR precession) are generally included (e.g. [START_REF] Fox | The evolution of the orbit of the Geminid meteor stream[END_REF][START_REF] Sekhar | General relativistic precession in meteoroid orbits[END_REF][START_REF] Galushina | The force model for asteroid (3200)[END_REF][START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF]. More elaborate models involve the gravitational perturbations of the largest dwarf planets and asteroids (e.g. [START_REF] Galushina | The force model for asteroid (3200)[END_REF].

Impactor selection

The selection criterion for impacting particles defines the degree of compromise between meaningful predictions and reliable statistics. Considering particles close to Earth leads to a precise identification of the trails involved in a shower, but to a small number of impactors selected. Conversely, a larger selection criteria increases the number of particles retained, but is at risk of including surrounding dust trails that have no influence in the meteor activity. Depending on the simulations, different distance criteria are therefore considered, such as:

1. The nodal distance of the particle with Earth's orbit (with a threshold of 0.1 AU Abedin et al., 2017 or lower [START_REF] Kornoš | On the orbital evolution of the Lyrid meteoroid stream[END_REF] 2. Distance between the particle and Earth's orbit (e.g. below 0.05 AU Jakubík and Neslušan, 2015;Tomko andNeslušan, 2019 or 0.1 Kańuchová and[START_REF] Kańuchová | The parent bodies of the Quadrantid meteoroid stream[END_REF] 3. The Minimum Orbit Intersection Distance (MOID) between Earth and the particle. This parameter measures the minimum distance separating the two closest points between the Earth's orbit and the particle's orbit. Usual limiting values considered are 0.01 [START_REF] Maslov | Draconid Trail Activity in 2011 and the Prospects for 2014[END_REF][START_REF] Maslov | Gravitational Shifts and the Core of Perseid Meteoroid Stream[END_REF][START_REF] Maslov | Forecast of the Comet 46P/Wirtanen Meteor Shower Activity in 2017 and 2019[END_REF], 0.02 [START_REF] Ye | The unexpected 2012 Draconid meteor storm[END_REF] or 0.1 AU [START_REF] Wiegert | The Return of the Andromedids Meteor Shower[END_REF] 4. The physical distance d between the particle and Earth. The value d can be fixed to the Hill Sphere radius of the planet [START_REF] Kastinen | A Monte Carlo-type simulation toolbox for Solar System small body dynamics: Application to the October Draconids[END_REF] or set proportional to the stream's relative velocity (e.g. [START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF], following Vaubaillon 2005).

Distance criteria based on a planet's orbit usually require a temporal restriction ∆t on its location (i.e. the planet is assumed to be at the position of closest approach ± ∆t before or after the particle). When allowed by the number of particles simulated, restrictive distance and time criteria should be adopted to improve the realism of the selection process.

Analysis

Geometry -The orbital characteristics of impacting particles define the geometry of the encounter with Earth (date, radiant, relative velocity, etc.). When insufficient particles are impacting the planet, the nodes of the particles are sometimes considered instead of the physical location of the simulated meteoroids [START_REF] Ryabova | A preliminary numerical model of the Geminid meteoroid stream[END_REF][START_REF] Šegon | Dynamical modeling validation of parent bodies associated with newly discovered CMN meteor showers[END_REF]. Physical characteristics of the computed shower (radiant, velocity) can be compared to meteor observations to validate the numerical modelling and confirm the {parent bodymeteor shower} relationship (e.g. [START_REF] Tomko | Meteoroid-stream complex originating from comet 2P/Encke[END_REF].

Peak time -In terms of meteoroid modelling studies, the peak time of a simulated shower can be determined from the time of the particles closest approach, determined for example using the [START_REF] Neslušan | A computer program for calculation of a theoretical meteor-stream radiant[END_REF] procedure [START_REF] Micheli | Evidence for 2009 WN 25 being the parent body of the November i-Draconids (NID)[END_REF], or from the median location of the meteoroid stream (works based on Vaubaillon et al., 2005a). It can also be derived from the unscaled number of particles impacting the planet as a function of the solar longitude [START_REF] Ryabova | A preliminary numerical model of the Geminid meteoroid stream[END_REF], or from more realistic activity profiles [START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF].

Intensity -Methods of ZHR computation are presented above in Section 7. Good ZHR estimates are derived from a representative weighting of the particles as a function of the parent comet activity and previous observations of the shower. Recent efforts are especially oriented towards both the forecast and postdiction of meteor shower activity profiles [START_REF] Abedin | The age and the probable parent body of the daytime arietid meteor shower[END_REF][START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF].

Parameter sensitivity -application to the Draconids

In this section, we investigate the influence of the modelling choices of Section 8.2 in a prediction's accuracy. As a concrete example, we present the results of [START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF]'s modelling of the main outbursts of the October Draconids meteor shower. These include two storms (in 1933 and 1946) and two outbursts (in 1998 and 2011) recorded mainly by optical devices (hereafter called "visual showers"), as well as three outbursts (in 1985, 1999, and 2005) and one storm (in 2012) principally detected by radio instruments (hereafter called "radio showers").

In [START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF], 22.2 million particles were ejected from comet 21P/Giacobini-Zinner following the dynamical model of Vaubaillon et al. (2005a). The approach was adapted to the Draconids through the use of a new weighting scheme, considering the observed Af ρ profile of comet 21P (measured by [START_REF] Ehlert | Dust production of comet 21p/giacobini-zinner throughout its 2018 apparition[END_REF] instead of a generic r γ h dependence. These simulations reproduced the time of peak and intensity of the main Draconid outbursts with a reasonable accuracy (cf. Figure 7). Due to the flexibility of the weighting process after the integration, we can easily analyze the influence of the meteoroids ejection circumstances (heliocentric distance and meteoroids size) and the parent body activity on the postdiction's accuracy.

Example 1: Size distribution index

One of the most important parameters of the weighting process is the size distribution index of the particles at ejection. By default, the meteoroid size distribution is assumed to follow a power-law of index u, which has been measured for only a few comets. The value of u defines the contribution of each size bin of the particles impacting Earth, and can thus impact the peak time and intensity postdictions. 3 of [START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF].

8 presents the influence of u on the mean postdicted error of the time peak (in solar longitude units, left panel) and intensity (right panel) for the main 4 radio outbursts (i.e. 1985, 1999, 2005 & 2012) and the 4 visual outbursts (of 1933, 1946, 1998 and 2012). The best accuracy for the peak time postdictions is reached for both the radio and the visual showers for u ∼ 3. The best intensity postdiction differs from the visual showers (u ∼ 3) and radio showers (u ∼ 3.6). The choice of u for this model can increase the mean peak time error for all the outbursts from less than 7 min to more than 30 min. The ZHR error can be impacted by a factor of 4 with a bad u selection.

When u is unknown, calibrating the size distribution index of ejected meteoroids on past meteor observations can greatly improve the accuracy of the forecasts. However, recent measurements of 67P's dust ejection highlighted the limitations of considering a simple power-law distribution for the meteoroids sizes.

The GIADA instrument on-board Rosetta measured different u for particles with different size ranges, as well as a strong variation of the size distribution index with time (from -2 beyond 2 AU to -3.7 at perihelion for particles <1 mm, cf. [START_REF] Fulle | Evolution of the dust size distribution of comet 67P/Churyumov-Gerasimenko from 2.2 au to perihelion[END_REF]. For the modelling of other comets, the choice of implementing more complex size distributions should therefore be contemplated.

Example 2: Heliocentric distance of ejection

As mentioned previously, simplified trail simulations tend to consider the ejection of particles at the parent body's perihelion. In this example, we perform the same analysis as in Figure 8, but focusing on the effect of varying the heliocentric distance at which the parent comet begins ejecting meteoroids. All the impactors ejected beyond a distance ejection cutoff r h,lim are excluded from the postdiction. The result for the visual showers (dark grey) and radio showers (light gray) is presented in Figure 9, with r h,lim increasing monotonically from near the perihelion (around 1 AU) until the farthest recorded activity of 21P (i.e. about 3.7 AU, [START_REF] Pittichová | Ground-Based Optical and Spitzer Infrared Imaging Observations of Comet 21P/GIACOBINI-ZINNER[END_REF].

The high number of simulated particles permits construction of statistically significant activity profiles for most of the simulated outbursts. However, when considering a cutoff r h,lim of 1.5 AU, no activity profile could be derived for the 1985 and 2005 radio showers because of the small number of particles impacting Earth. For this reason, the resulting mean error on the peak time and intensity of the radio showers presented in Figure 9, performed on only two events (1999 & 2012), should not be considered meaningful for r h,lim ≤ 1.5 AU. For the other cutoff limits (r h,lim ∈ [2, 3.7] AU), no significant accuracy variations of the time and intensity postdictions of the radio showers are noticeable. In our simulations, changing the heliocentric distance of cometary ejection can however increase the error on the time postdiction of visual showers from less than 7 min to more than one hour. The intensity error, approximately constant for r h,lim ∈ [2, 3.7] AU, increases by a factor 6 when we consider only material ejected near to perihelion. A full dynamical approach, involving the ejection of meteoroids below r h ∼ 2 AU at least, is therefore required for accurately modelling the Draconids.

Example 3: Afρ vs. Standard variation

In [START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF], we implemented a new weighting scheme for the simulated particles based on the observed evolution of 21P's dust production along its orbit. Instead of assuming a generic 1/r 2 h dependence, we have considered a double exponential fit of the comet's Af ρ profile measured for its 2018 apparition (cf. [START_REF] Ehlert | Dust production of comet 21p/giacobini-zinner throughout its 2018 apparition[END_REF][START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF]. The accuracy of these two approaches is presented in Figure 10. The custom-made activity production solution for 21P improved the peak time prediction accuracy of all modelled Draconid outbursts. The intensity prediction was also highly improved for all the outbursts except the 2012 storm (when both models provide similar results) and the 2005 radio outburst (originally poorly reproduced by our simulations). 

Conclusion

With the development of dust trail calculations and complete dynamical models of meteoroid streams, the forecasting of meteor showers has become very accurate at predicting the timing of meteor outbursts. The majority of the easiest study cases concerning showers produced by well-known and stable parent bodies are now well explored by stream modellers. However, reliable and quantitative predictions of a shower's intensity are still a thorny problem. Providing a reliable uncertainty estimate for a shower's intensity, which is vital information for spacecraft hazard assessment, is one of the main challenges for current meteoroid stream modellers.

Recent approaches to meteor shower forecasting do not differ significantly from one to another: all involve the simulation of test particles ejected by a parent body and integrated until some trails approach Earth. However, subtle differences exist in the selection of simulation parameters, such as the determination of the parent body's motion, the model used for ejection of particles, the stream integration method, and the manner of selecting and processing potential impactors. As illustrated for the complicated case of the Draconids meteor shower, such differences when parameterizing the meteoroids' ejection circumstances and the parent comet's activity can significantly degrade the accuracy of the intensity prediction.

The key for highly accurate time and intensity predictions therefore resides on the development of custommade simulations of each meteor shower, based on a careful modelling of the parent body's dynamics and activity in addition to a systematic comparison of theoretical predictions with high-quality meteor measurements. Along with large-scale simulations, the reliability of meteoroid stream models will increase with decades of continuous monitoring of the parent bodies' activity and multi-technique (visual, video, radio) meteor observations.
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Figure 1 :

 1 Figure 1: Schematic representation of the nodes method. A meteor shower is expected when the parent body crosses the ecliptic plane close to Earth's orbit.

  In 1951, Fred Whipple proposed the basic icy-conglomerate (or dirty snowball) model of cometary nuclei.

Figure 3 :

 3 Figure 3: Progressive dispersion of a stream ejected by comet 21P/Giacobini-Zinner in 1900 AD. After ejection, the location of the simulated particles is recorded every year at the same period. A snapshot of the trail in1905, 1912, 1928, 1925, 1931 and 1938 AD is presented above. For clarity, each snapshot of the trail's position is artificially shifted vertically. Since the median orbital period of the particles is around 6.6 years, the termination locations of the trail differ for each selected epoch. Because of radiative forces and different ejection velocities, meteoroids stretch along a confined orbital corridor in a few orbital revolutions.

Figure 4 :

 4 Figure 4: State of the simulated meteoroid trail ejected from comet 21P in 1900 in respectively 1948 (top panel) and 2015 (bottom panel). Several close encounters with planets led to the formation of gaps and complex structures in a few decades.

Figure 5 :

 5 Figure 5: Total number of simulated particles generated by different studies over time. Selected examples are listed from: (1)[START_REF] Hamid | A short note on the origin and age of the Quadrantids[END_REF], (2)[START_REF] Hughes | The mass segregation and nodal retrogression of the Quadrantid meteor stream[END_REF], (3)[START_REF] Hunt | Planetary perturbations on the Geminid meteor stream[END_REF], (4)[START_REF] Jones | On the structure of the Halley Comet meteor stream[END_REF], (5)[START_REF] Babadzhanov | On the formation of meteor showers of Comet Halley[END_REF], (6)[START_REF] Mcintosh | The Halley comet meteor stream -Numerical modelling of its dynamic evolution[END_REF], (7)[START_REF] Jones | Evolution of the Quadrantid meteor stream[END_REF], (8)[START_REF] Williams | The Current Perseid Meteor Shower[END_REF], (9)[START_REF] Brown | Dynamics of the Leonid Meteoroid Stream: a Numerical Approach[END_REF], (10)Brown and Jones (1998), (11)[START_REF] Brown | The Leonid Meteoroid : Recent Observations and Modelling advances[END_REF], (12)[START_REF] Brown | Model predictions for the 2001 Leonids and implications for Earth-orbiting satellites[END_REF], (13)[START_REF] Vaubaillon | Activity level prediction for the 2002 Leonids[END_REF];[START_REF] Vaubaillon | Evolution of a meteor stream and Leonids 2002 forecastings[END_REF], (14)[START_REF] Vaubaillon | The 2003 Leonid shower from different approaches[END_REF], (15)[START_REF] Wiegert | The τ Herculid meteor shower and Comet 73P/Schwassmann-Wachmann 3[END_REF], (16) Campbell-[START_REF] Campbell-Brown | The 2005 Draconid outburst[END_REF], (17)Jenniskens and Vaubaillon (2007), (18)Jenniskens and Vaubaillon (2008), (19) [START_REF] Wiegert | A dynamical model of the sporadic meteoroid complex[END_REF], (20)Vaubaillon et al. (2011), (21) [START_REF] Ye | The unexpected 2012 Draconid meteor storm[END_REF], (22)[START_REF] Soja | Characteristics of the dust trail of 67P/Churyumov-Gerasimenko: an application of the IMEX model[END_REF], (23) Abedin (2016), (24)[START_REF] Moser | Updates to the MSFC Meteoroid Stream Model[END_REF] in[START_REF] Egal | The Draconid Meteoroid Stream 2018: Prospects for Satellite Impact Detection[END_REF], (25)[START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF].

Figure 6 :

 6 Figure 6: Summary of the main stages of meteor showers forecasting
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 7 Figure 7: Postdiction accuracy of the main Draconid outbursts. Left: main peak time error estimate (in solar longitude). Right: ZHR relative error = (ZHR observed -ZHR predicted )/ZHR observed . Reference observations used are presented in Table3of[START_REF] Egal | Meteor shower modeling: Past and future Draconid outbursts[END_REF].
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 89 Figure 8: Mean absolute error on the time postdiction (left panel) and ZHR estimates (right panel) of the four visual showers (dark grey) and the four radio showers (light grey) in function of the size distribution index of the particles at ejection (see text for details).

Figure 10 :

 10 Figure 10: Postdiction accuracy of the main Draconid outbursts when considering a generic (light grey) or observed (dark grey) Afρ evolution of comet 21P in function of the heliocentric distance. Notations are those of Figure 7.