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A B S T R A C T 

We numerically investigate tidally induced surface refreshing on Apophis during its close approach with Earth within a perigee 
distance of 5.96 Earth radii on 2029 April 13. We implement a tidal resurfacing model with two stages: dynamics modelling of 
the entire body to determine time-varying accelerations and surface slope profiles felt by each surface patch during the 6-h-long 

closest encounter, and discrete-element method modelling to track motions of surface grains in localized patches. The surface 
slope profiles and measured grain motions are combined to statistically extrapolate the ‘expected’ percentage of resurfaced 

area. Using the tidal resurfacing model, we present surface maps showing the total expected resurfacing on Apophis given three 
representative encounter orientations. Our simulation results indicate that tidal resurfacing, limited to certain localized regions, 
will likely occur half an hour before perigee and on the scale of 1 per cent of Apophis’s entire surface area. Our models indicate 
that the most likely locations to detect tidal resurfacing are: initially high-sloped regions ( > 30 

◦) regardless of the encounter 
orientation of Apophis, and mid-sloped regions (15 

◦–30 

◦) that experience a significant positive slope variation ( > 0.5 

◦), which 

is mainly controlled by the encounter orientation. Expected data from ground-based observations of the 2029 flyby will help 

us better constrain the targeted locations likely to experience tidal resurfacing. We thus expect to find evidence supporting tidal 
resurfacing via further analysis of post-encounter surface images or albedo changes at the expected resurfaced areas. 

Key words: methods: numerical – minor planets, asteroids: individual: 99942 Apophis. 
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.  I N T RO D U C T I O N  

99942) Apophis is a potentially hazardous asteroid that will pass 
he Earth within a perigee distance of 5.96 Earth radii on 2029 April
3. 1 The 2029 Apophis–Earth encounter event is considered a golden 
pportunity to directly observe how Earth-crossing objects interact 
ith the Earth’s gravity field, offering a natural experiment which 

ould allow us to better understand potentially hazardous objects 
nd support the science of planetary defence (Binzel et al. 2020 ).
s a result of the unique opportunities for science that this object’s
assage provides, NASA has recently announced that Apophis has 
een selected as the target of the OSIRIS-REx extended mission—
SIRIS-APEX (DellaGiustina et al. 2022 ). 
The perigee distance of Apophis from Earth during the 2029 close 

ncounter is outside the canonical Roche limit ( ∼3.4 Earth radii, 
iven a bulk density of ∼2 g cm 

−3 for an Sq-type asteroid like
tokawa (Abe et al. 2006 )) that induces catastrophic disruptions of
nconsolidated material (Richardson, Bottke & Lo v e 1998 ; Zhang &
ichel 2020 ). Note that Apophis is intermediate between S- and Q-
 E-mail: yzk0056@auburn.edu 
 The perigee distance is the minimum possible close-approach distance 
etween the 3 σ Earth target-plane error ellipse and the Earth’s surface, 
etrieved from the Center for Near-Earth Object Studies server ( https: 
/ cneos.jpl.nasa.gov/ca/ ). 
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ype asteroids (Binzel et al. 2009 ). During the 2029 Earth encounter,
pophis will have a definite change in its orbit and rotational
roperties in response to Earth’s tidal torques (Scheeres et al. 2005 ;
arnocchia et al. 2013 ; Souchay et al. 2014 , 2018 ; DeMartini et al.
019 ; Benson et al. 2023 ). These orbital and rotational changes will
ikely occur with magnitudes sufficient to be detectable by ground- 
ased telescopes. Furthermore, we anticipate that the perigee distance 
f 5.96 Earth radii may be close enough to subject Apophis to some
nfluences from Earth’s tidal forces: surface refreshing (Yu et al. 
014 ; DeMartini & Kim 2021 ), small-scale structure modifications 
nd seismic vibrations (DeMartini et al. 2019 ), and stress variation
round Apophis’s concave region (Hirabayashi, Kim & Brozovi ́c 
021 ). Among the potential consequences of the tidal encounter, we
articularly note surface refreshing, which may be detectable during 
he 2029 Apophis–Earth encounter and which is the primary focus 
f this study. 
In general, asteroid surfaces are affected by the competing pro- 

esses of space weathering and mechanical resurfacing, creating 
ariations in their surface colours. Space weathering reddens or 
ark ens surf ace materials as a result of solar wind irradiation or
icrometeorite impacts, and has been commonly observed in S-type 

steroids (Pieters et al. 2000 ; Sasaki et al. 2001 ; Pieters & Noble
016 ; Thompson et al. 2021 ). Resurfacing is an opposing mechanism
hat exposes fresh materials beneath the weathered asteroid surface. 
he interplay between weathering and resurfacing resulting in a 
ariegated surface can be seen on the S-type asteroid Itokawa 
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Fujiwara et al. 2006 ; Miyamoto et al. 2007 ; Jin & Ishiguro 2022 ) and
he Martian moon Phobos (Fraeman et al. 2014 ; Ballouz et al. 2019 ),
hich appear to have dark/redder surfaces with some bright/bluer

egions. Although there are other potential mechanisms [e.g. ther-
al fatigue (Delbo et al. 2014 ), Yarko vsk y–O’K eefe–Radzie vskii–
 addack (YORP) spin-up (Grav es et al. 2018 ), and impact-induced
eismic shaking (Yamada et al. 2016 )], surface refreshing as a result
f planetary encounters is one possible contributor to the inferred
esurfacing in near-Earth asteroids (NEAs). 

In the taxonomic classification of NEAs, S- and Q-types show
ifferent absorption features and spectral slopes (Chapman 1996 ,
004 ) although both represent the same compositions as ordinary
hondrites. S-types show more reddened surfaces indicative of space
eathering, while Q-types have bluer surfaces indicating relatively

resh surface materials. To resolv e this inconsistenc y, Nesvorn ́y et al.
 2005 ) suggest that the relatively unweathered surfaces of Q-types
esult from surface regolith motion during tidal encounters. Many
ubsequent studies (e.g. Marchi et al. 2006 ; Binzel et al. 2010 ;
esvorn ́y et al. 2010 ; DeMeo, Binzel & Lockhart 2014 ) support this
ypothesis by statistically showing that the distribution of Q-type
steroid orbital parameters correlates with low perihelion distances
nd low minimum orbit intersection distances (MOID) with the
errestrial planets Earth, Mars, and Venus; Marchi et al. ( 2006 )
ound that Q-types have lower perihelion distances than S-types
sing a data set of spectroscopic observations of NEAs and Mars-
rossing asteroids. Binzel et al. ( 2010 ) used a sample of 95 Earth-
nd Mars-crossing asteroids (including 20 Q-types) and revealed
hat Q-types more frequently experienced an Earth encounter with
 limiting distance inside ∼15 Earth radii in the past few hundred
housand years. DeMeo et al. ( 2014 ) then used a larger data set of
EAs (including 64 Q-types) and identified that all sampled Q-types
ave low MOID values allowing either Earth or Mars encounters. A
lausible mechanism for planetary encounters resurfacing weathered
steroid exteriors is that the tidal forces on the surfaces during the
ncounters fluidize the surface regolith, causing granular flows (i.e.
andslides), which can mo v e weathered materials and e xpose fresher
ubsurface materials. Based on this mechanism, Keane & Matsuyama
 2014 ) implemented a resurfacing model that e v aluates the stability
f asteroid regolith during distant planetary flybys using the theory
f hillslope stability. The study set two free parameters, spin period
nd periapsis, and found that rapidly rotating asteroids are more
ikely to have surface conditions susceptible to resurfacing and that
he limiting distance of resurfacing is less than 10 planetary radii.
he asteroid was modelled as a triaxial ellipsoid with an arbitrarily
efined density and a friction angle of 45 ◦. Kim et al. ( 2021 ) extended
his work to investigate how an asteroid’s shape affects resurfacing
nd found that a more elongated shape tends to have unstable surface
onditions to granular flows during a distant planetary encounter.
ll previous work has investigated tidal resurfacing from theoretical

onsiderations; ho we ver, a direct observation of this phenomenon has
ever been made. The 2029 Apophis–Earth close encounter could
ark the first observations that provide evidence of tidal resurfacing.
In this study, we visit the scientific question of whether tidal

esurfacing will occur on Apophis’s surface during its close Earth
ncounter. We use a tidal resurfacing model, which is a joint approach
f dynamics (Kim et al. 2021 ) and discrete-element method (DEM)
odelling (Yu et al. 2014 ; DeMartini et al. 2019 ) to numerically

nvestigate the motion of surface grains driven by the tidal forces on
pophis during the Earth encounter. The dynamics model determines

ime-varying accelerations felt by each surface patch on Apophis,
nd the DEM model tracks the specific motion of grains on the
iven surface patch in the dynamical state. The results of this study
NRAS 520, 3405–3415 (2023) 
ould support an investigation of albedo changes after the Apophis
lose encounter or identify regions of interest to look for evidence of
urface grain motion for potential missions to Apophis, including
SIRIS-APEX. Furthermore, understanding the tidal resurfacing
rocesses on Apophis may provide key information about how
esurfacing counteracts the expected space weathering time-scale on
mall bodies, and could thus help resolve the long-standing puzzle
f the spectral difference of NEAs between S- and Q-types despite
heir matching compositions (Chapman 1995 , 1996 ). 

This paper is organized as follows. In Section 2 , we describe
he tidal resurfacing model in detail by splitting it into two parts:
ynamics and DEM modelling. Section 3 then shows our simulation
esults using the tidal resurfacing model. In Section 4 , we discuss the
ey findings to support potential ground-based observations and in
itu missions for the upcoming 2029 Apophis–Earth encounter event.
astly, we summarize our conclusions, list areas of uncertainty in the
urrent tidal resurfacing model, and suggest future work in Section 5 .

.  TI DAL  RESURFAC I NG  M O D E L  

e introduce a numerical model (hereafter ‘tidal resurfacing model’)
sed for investigating surface grain motions driven by Earth-induced
ides during Apophis’s 2029 Earth flyby. In the following subsections,
e split the numerical approach into two parts: dynamics and
EM modelling. The dynamics model simulates the orbital and

pin evolution of Apophis during a period spanning 3 h before to
 h after the closest encounter with Earth. By considering the local
opographic features, the dynamics model converts the acceleration
ata into surface slope profiles, including an initial surface slope and
lope variation, and then hands off the time-varying accelerations
cting on each surface facet during the encounter to use in the
EM models. For the second stage of the simulations, we use
EM modelling to track the specific motion of grains on surface
atches. We apply the time-varying acceleration data derived from
he dynamics model uniformly across a number of surface patches
lled with discrete regolith particles. The grain motion that we
ee from the discrete modelling forms the basis of our resurfacing
nalysis, detailed in Section 3 . 

.1 Dynamics model 

o investigate tidal refreshing during the Apophis–Earth close
ncounter, our dynamics model computes the acceleration vectors
cting on surf ace f acets of Apophis at each time-step. We use the
adar -derived, conca ve polyhedral shape model, consisting of 3996
acets and 2000 vertices, by Brozovi ́c et al. ( 2018 ). The Brozovi ́c
t al. ( 2018 ) model was derived using the radar observations during
he 2012–2013 apparition at Goldstone radar telescope facility in
alifornia (also known as Goldstone) in addition to the pre-existing

ight curv e-deriv ed conv e x shape by Prav ec et al. ( 2014 ). The current
hape model still has some uncertainties, which are unlikely to be
mpro v ed by using the recently obtained 2020–2021 apparition data
Lee et al. 2022 ), but indicates that Apophis may likely be a contact
inary. The net surface acceleration on each surface patch can be
omputed as the combination of self-gravity, tidal, and rotational
ccelerations. The detailed equations and propagation for each term
re described in Appendix A . We consider a time span of 6 h: 3 h
efore to 3 h after the closest Earth encounter, when the tidal effects
re sufficient to induce variations in the total acceleration, including
he fixed self-gravity and rotational accelerations. Outside of this
ime span, the tides are unlikely to induce any significant force
ariations because the distance of Apophis from the Earth’s centre,
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(a) (b)

Figure 1. The same initial surface slope has either positive or negative slope 
variation depending on where the Earth is located in the patch frame. Here, 
the vectors ˆ n f , ˆ a g + r , and ˆ a g + r+ t are the surface normal, the combined self- 
gravity and rotational acceleration, and the combined ̂  a g + r and tidally induced 
acceleration, respectively. The angles θ i and θ t are the surface slope at the 
initial and at a specific time, respectively. The positive slope variation is when 
θ t is greater than θ i (a), while the opposite case, where θ t is smaller than θ i , 
is the ne gativ e slope variation (b). 
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Figure 2. Surface slope evolution and the corresponding particle mo v ements 
for two patches with similar initial slopes. Panel (a) shows the positive slope 
variation case when subtracting the peak/trough surface slope from the initial 
slope for a facet has a positive value, while panel (b) shows the ne gativ e slope 
variation case. The left-hand panels show how the surface slope changes 
o v er the 6-h Apophis–Earth encounter. The red dotted line marks the time 
of closest approach. The number of particles exhibiting significant motion is 
measured at each time-step, plotted, and shown in the right-most panels. Note 
that in the ne gativ e slope evolution case (panel b) no particles mo v e, while 
the positive slope evolution case (panel a) does show particle motion. 
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hich exceeds 10 Earth radii, is far enough to neglect the tidal
f fect. We retrie ve Apophis’s trajectory using the JPL/NAIF SPICE
ool (Acton 1996 ; Acton et al. 2018 ) for the 6-h encounter with a
ime-step of 0.1 s. As a final note, Apophis is a tumbling object
ndergoing short-axis-mode non-principal-axis rotation. Given the 
low spin period of 30.6 h (Pravec et al. 2014 ; Brozovi ́c et al. 2018 )
nd the short (6 h) time span considered in our simulations for tidal
esurfacing, the effect resulting from the tumbling motion of the body 
s likely negligible in the acceleration variation. Thus, we propagate 
he rotation term assuming Apophis is in the simpler principal-axis 
otation mode. 

As a next step, we convert the generated surface acceleration data 
nto surface slope profile data that includes the initial surface slopes
nd slope variations for all of the facets on the shape model. We output
he total surface acceleration vector for each patch at 60 s intervals
o use in the DEM modelling (see Section 2.2.2 ) and later combine
he surface slope profile data with the measured grain motions in 
n equi v alent surface patch in DEM simulations to gain insight into
otions across the entire surface (see Section 3 ). The surface slope

s defined as the angle between the normal direction of the surface
acet and the corresponding surface acceleration vector accounting 
or self-gravity plus any other acceleration under consideration, such 
s those due to rotation and tides. The slope variation is computed by
ubtracting the initial surface slope from the surface slope at a given
ime during the simulation, and thus can take on positive or ne gativ e
alues. Fig. 1 defines two cases with positive and ne gativ e slope
ariations from facets with the same initial surface slope. Depending 
n where a nearby planetary body (here, Earth) is located, the 
dditional force from the tidal effect can increase the slope (Fig. 1 a)
r decrease it (Fig. 1 b). The left-hand panels of Fig. 2 show examples
f the surface slope evolution o v er time in our models, corresponding
o positive (upper left) or negative (lower left) slope variations. 

.2 DEM model 

.2.1 DEM code description 

or the DEM portion of the modelling, we use the parallel N -body
ravity tree code pkdgrav (Richardson et al. 2000 ; Stadel 2001 ).
ith pkdgrav , we model individual grains in a single surface patch

n Apophis as discrete spherical particles that feel interparticle 
ravitational and contact forces, as well as forces from a uniform 

ravity field. Particle contacts, including interparticle friction, are 
odelled with a soft-sphere discrete element method (SSDEM; 
 ́anchez & Scheeres 2011 ; Schwartz, Richardson & Michel 2012 ).
SDEM allows neighbouring particles to slightly interpenetrate at 
he point of contact as a proxy for surface deformation, with the
egree of interpenetration mediated by a Hooke’s law restoring 
pring force in the pkdgrav implementation, with a linear spring 
onstant representing a material stiffness akin to a Young’s modulus 
DeMartini et al. 2019 ) in the normal direction, plus an equi v alent
angential spring component as part of the full spring-dashpot model 
Zhang et al. 2017 ). The SSDEM approach takes user-provided 
oefficients to account for normal ( ε n ) and tangential ( ε t ) damping,
lus rolling ( μr ), twisting ( μt ), sliding and static ( μs ) friction, and
ncludes a ‘shape parameter’ ( β) to represent grain angularity in
olling interactions (Schwartz et al. 2012 ; Zhang et al. 2017 ). This
pproach has been validated through comparisons with laboratory 
xperiments (Schwartz 2013 ) and has been used previously by Yu
t al. ( 2014 ) and DeMartini et al. ( 2019 ) to study potential surface
 valanching and b ulk reshaping during the Apophis tidal encounter
ith the Earth. 

.2.2 DEM simulation parameters 

he typical facet from the shape model used in the dynamics
imulations has mean surface area of 48 ± 35 m 

2 (1 σ ). For
he SSDEM modelling, we create a single patch with dimensions 
8 × 8 × 3) m 

3 in volume, which has a surface area of 64 m 

2 ,
lightly larger than the mean facet surface area from the shape model
ut still representative. To create the desired patch of particles for
he SSDEM modelling, we settle just o v er 11 000 spherical particles
n free space under the influence of only interparticle self-gravity, 
ith particle radii ( R p ) ranging from 5.96 to 17.86 cm and with a

ize-frequency distribution following a power law with slope α = 

3, roughly matching the size-frequency distributions of decimetre- 
cale regolith on Bennu’s Nightingale Crater (Walsh et al. 2022 ) and
oulders on Itokawa (Michikami et al. 2008 ; Mazrouei et al. 2014 ).
nce the initial cloud of particles has settled into a roughly spherical

ubble pile, we carve out a region with periodic lateral boundaries
8 × 8 × 3) m 

3 in volume. We use the same rectangular patch as
he initial condition for all of our SSDEM models, as the subsequent
ilting stage (described below) provides sufficient randomness in 
MNRAS 520, 3405–3415 (2023) 
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M

Table 1. pkdgrav DEM simulation parameters. 

Quantity Symbol Value 

Particle number N 7141 
Particle radius R p 5.96–17.86 cm 

Size-frequency distribution slope α –3.0 
Coefficients of restitution a ε n , ε t 0.55 
Coefficient of static friction μs 1.0 
Coefficient of rolling friction μr 1.05 
Coefficient of twisting friction μt 1.3 
Shape parameter β 0.7 
Angle of friction φf 35.1 ◦
Initial patch bulk density ρb 2.2 g cm 

−3 

Patch dimensions (full side lengths) l × w × h (8 × 8 × 3) m 

3 

Note. 
a ε n and ε t define a normal and tangential coef ficient, respecti vely. Spring- 
dashpot normal and tangential damping coefficients C n , C t are dependent on 
the masses of interacting particles. For any two-particle interaction: C n = C t 

∈ [9.78, 263] kg s −1 . 
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nitial particle positions, especially in concert with varying the initial
lope and orientation of the patch at the time of encounter from
he dynamics models. Throughout the SSDEM modelling, we use
riction parameters such that our particle assembly has a friction
ngle of φ = 35.1 ◦ (see Table 1 , Lambe & Whitman 1969 ; Zhang
t al. 2017 ), which results in a typical initial patch packing to a bulk
ensity of 2.2 g cm 

−3 . In the SSDEM models presented in this study,
e do not include the effects of interparticle cohesion, although we

im to investigate this in future work (see Section 5 for details). 
We continue to prepare the SSDEM patch for each individual

ncounter by placing an infinite plane below the particles for them
o rest on and applying a uniform acceleration normal to the
lane surface with magnitude equi v alent to the initial pre-encounter
cceleration on the given patch from the dynamics model. We choose
ur patch depth of 3 m such that particles in the upper layers,
here resurfacing may occur, will be physically independent of the
nderlying plane. Over the course of 4 h of simulated time, we
otate the uniform acceleration vector from the normal direction to
he actual initial orientation of the acceleration on the patch from
he dynamics model. Slowly rotating the uniform acceleration vector
s equi v alent to quasi-statically tilting the patch to the same initial
lope and orientation as used in the dynamics model; we call this
he ‘tilting stage’ and we rotate the acceleration vector rather than
he particles so that we can remain in the frame of the patch for
ase of modelling and visualization. We include an additional 2 h of
imulated time after the initial acceleration vector has rotated to its
nal orientation so that the particles in the patch that have shifted
lightly during the tilting stage can reach their equilibrium resting
ositions. 
After we have settled a surface patch at the orientation and

nitial surface acceleration that one of the patches in the dynamics
odels would feel, we can simulate the full encounter for that

atch. We use the tilted and equilibrated patch discussed abo v e
nd smoothly rotate and change the magnitude of the ambient,
niform acceleration vector in the SSDEM simulations to match
he accelerations ( � a net in Appendix A ) felt by the analogous patch
rom the dynamics model, interpolated between intervals of 60 s.
hese simulations last for the same six simulated hours as the
ynamics models; the particles in the patch uniformly experience
he dynamics model accelerations in addition to non-uniform in-
erparticle gravitational and contact accelerations from the other
articles. We track particle positions and v elocities o v er time to
NRAS 520, 3405–3415 (2023) 
etermine particle motion in the patch and consider each particle
hat mo v es by more than half of its radius to exhibit ‘significant’

otion. 

.2.3 Resurfacing estimation 

or each particle that has mo v ed significantly in our DEM models,
e estimate the amount of revealed unweathered surface area with

he following assumptions: (1) Each particle exhibits perfect rolling
otion directly from its initial to its final position along a straight-line

ath with no sliding; (2) the half of the particle’s surface unco v ered
rom abo v e in the patch frame at the beginning of the encounter is
weathered,’ while the remaining half is ‘unweathered’; (3) the full
rea initially underneath a mo v ed particle is ‘unweathered’; and (4)
nly particle motion in the upper 56 cm (3 times the largest R p ) of the
article bed contributes to the patch’s resurfacing. We show a sample
esult from one of our models in Fig. 3 , where grains exhibiting
ignificant motion are coloured green and violet in their initial (left-
and panel) and final (centre panel) positions, respectively, with
ig. 3 c showing the final positions (purple) o v erlaid on the initial
atch (green and gold) to help visualize the downslope motion. 
For a single sphere under the abo v e assumptions, we calculate the

otal revealed unweathered surface area as the sum of the area of
he lens of the sphere’s revealed unweathered surface (equation 1 )
lus the fraction of the revealed cross section initially underneath the
phere (equation 2 ): 

 sph = 

π

2 
R 

2 
p 

(
1 − cos ϕ 

)
, (1) 

 u = πR 

2 
p ×

{ 

1 , d 
2 R p 

≥ 1 
d 

2 R p 
, d 

2 R p 
< 1 

, (2) 

here ϕ is the angular displacement of the sphere (assuming perfect
olling motion) and d is the linear displacement of the particle during
he simulation. A schematic of this motion is shown in Figs 4 a and b,
here the central sphere in a mo v es along the green arrow in b: The

evealed unweathered surface area of the sphere ( A sph ) is coloured
urple, and the cross-section of revealed area initially underneath the
phere ( A u ) is coloured black. 

Under these conditions, a spherical particle with final position
xactly one diameter away from its initial position would contribute
wice its cross section to the total ‘resurfaced’ area: The full
nweathered cross-section of the sphere itself plus the full circular
ross-sectional area that was initially below the sphere. The total
evealed unweathered area in the patch is then calculated as the
um of the area revealed by each sphere, still applying the abo v e
ssumptions: 

 tot = 

N ∑ 

i= 0 

A sph ,i + A u ,i . (3) 

The possibility of one sphere co v ering an area of surface revealed
y another sphere is accounted for by subtracting the area of a
ens from the ‘revealed’ area underneath of a sphere based on the
nitial and final positions of the particles and their relative radii. This
cenario is illustrated in Fig. 4 c, where another moving sphere co v ers
he black ‘revealed’ area in the centre, indicating that we no longer
nclude the newly co v ered fractional area in A u . 

.  RESULTS  

sing the tidal resurfacing model, we select 655 surface patches—
nough to densely sample the full range of slope variations and
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Figure 3. A depiction of grain motion in a surface patch in the DEM simulations. Panel (a) shows the initial positions of the grains in this patch, with particles 
that will exhibit ‘significant motion’ (a displacement of more than 1 particle radius) coloured green. Panel (b) shows the final positions of particles in the 
patch, with particles exhibiting significant motion in violet. Panel (c) shows the initial state of the patch, just as in panel (a), o v erlaid with the final positions of 
significantly mo v ed particles, to sho w do wnslope motion (from green to violet) to wards the upper-left side of the frame. 

Figure 4. A schematic diagram indicating how we account for the amount 
of revealed unweathered area when a particle in the system mo v es. P anel 
(a) shows the initial configuration of some particles in the patch. Panel (b) 
indicates motion of the central particle along the green arrow. The black 
area with the green dashed outline indicates the revealed unweathered area 
initially below the mo v ed sphere ( A u ), while the purple fraction of the mo v ed 
sphere indicates the revealed area of its surface, which is initially unweathered 
( A sph ). Panel (c) indicates another particle moving at a later time, along the 
path of the black arrow, and co v ering some of the area that initially counted 
towards A u from the central particle’s motion. Since some of the black circle 
has been co v ered, we no longer count the co v ered portion towards A u . 
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Figure 5. A statistical result showing the correlation between surface slope 
profiles, namely the initial slope and maximum slope variation, and resurfaced 
area for each surface patch. Resurfaced area defines the total revealed 
unweathered surface area in a patch ( A tot , equation 3 ) as a percentage of 
the entire surface area of the patch (64 m 

2 ). Note that the highest initial slope 
and positi ve v ariations gi ve rise to the greatest resurfacing shown in the upper 
right corner. Areas expected to experience the greatest resurfacing will be 
the initially high-sloped regions having a positive slope variation, which is 
affected by the encounter orientation. 
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nitial slopes below the 35 ◦ friction angle—and measure the number 
f grains that exhibit significant motion, as defined abo v e. We sort the
imulated patches given their surface slope profiles (initial surface 
lope and slope variation) and compile the grain motion predictions 
stimated in the resurfacing estimation phase of the DEM models 
Section. 2.2.3 ). We then find the correlation between the grain 
otions and surface slope profiles to constrain the tidal resurfacing 

cross the entire surface (Section 3.1 ). In Section 3.2 , we create
lobal surface maps to show the expected resurfaced areas after three 
epresentative encounter orientations and then demonstrate how the 
xpected resurfaced locations differ depending on the orientation of 
pophis at the time of encounter. 

.1 Correlation between surface slope profiles and constrained 

rain motions 

o disco v er how the grain motion in a patch correlates with its surface
lope profile, we conduct a simple statistical analysis. We first bin 
he selected 655 surface patches in two dimensions: initial slope and 
lope variation. Here, the bin sizes of initial slope and slope variation
re set in increments of 5 ◦ with a range of [0 ◦, 35 ◦] and 0.5 ◦ with
 range of [ −2 ◦, 1.5 ◦], respectiv ely. On av erage, each bin includes
3 surface patches. After binning the data, and computing the total 
esurfaced area for each patch (Section 2.2.3 ) as a percentage of the
otal patch area, we compute the average percentage of resurfaced 
rea for the surface patches in each bin. Fig. 5 shows the average
esurfacing in each bin as an ‘expected’ percentage of resurfaced 
rea for a patch given an initial slope and slope variation. 

The first trend we see in Fig. 5 is that the initially high-sloped
egions (see the right-hand panel of Fig. 5 where the initial slope
 30 ◦) typically show locally resurfaced areas regardless of the slope

ariation, which means that the surface grains at high-sloped regions 
re more susceptible to downslope mo v ement. This trend is supported
y the fact that erosion rates by downslope regolith flow become
igh as surface slopes are close to the angle of repose (Culling
960 ; Richardson & Bowling 2014 ). The second feature we observe
n Fig. 5 is that large slope variation (see the top of Fig. 5 ) is a
MNRAS 520, 3405–3415 (2023) 
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Figure 6. Maximum slope changes with different encounter orientations: 
The Earth is located abo v e the x –y plane (a), the x –z plane (b), and the y –z 

plane (c). The left-most maps show the facets abo v e the x –y plane, while 
those on the right-hand panel are below the x –y plane. All coordinate planes 
refer to the body-fixed frame of Apophis with the origin at the centre of body 
and x - and z-axes aligned with the longest and shortest primary body axes, 
respectively. 
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ominating factor in determining regions of resurfacing. We find that
ost surface patches with slope variations exceeding + 0.5 ◦ show

ocal resurfacing despite some such patches having initial slopes far
ess than the angle of repose. Granular flow in a region of subcritical
lope (below the angle of repose) has been previously suggested by
allouz et al. ( 2019 ), who numerically showed that the tidal forcing

rom Mars could cause surface mobility on Phobos in areas with
ignificant slope v ariations, e v en in re gions with slopes less than the
ngle of repose. Although the tidal forcing on Phobos is different
rom what Apophis will experience, in that Phobos is continuously
nder the tidal effects of Mars while Apophis experiences a one-time
vent from Earth, we still find that the mid-sloped regions (initial
lope between 15 ◦ and 30 ◦) on Apophis are likely to experience
esurfacing when there is a significant slope variation ( > 0.5 ◦).

hen grain motions occur in mid-sloped regions, we note that
he slope variation increases the patch slope prior to the closest
pproach distance (positive y -axis values in Fig. 5 ), while the grains
n surface patches with ne gativ e slope variations are relatively stable
nd motionless, despite similar initial slopes and slope variation
agnitudes. Figs 2 a and b show how the surface slope evolves

left-most panels) at sampled patches that have a slope increase and
ecrease, respectively. The corresponding right-hand panels of Fig. 2
how the number of particles moving at each time-step measured
n the DEM models during the 6-h encounter. The initial slopes
or both patches are similarly set to ∼30 ◦. The magnitude of the
lope variation is slightly higher in the decreasing case, Fig. 2 b,
ut both exceed 0.5 ◦ in absolute magnitude. We observe the surface
rains activ ely mo ving when the slope variation is positi ve; ho we ver,
here is no significant grain motion in the patch with ne gativ e slope
ariation. In addition, the most significant grain motion occurs just
efore perigee when the slope rate of change is highest (the closest
ncounter happens at 180 min and is marked as a red-dotted line in
ach panel of Fig. 2 ). This feature is commonly observed in other
atches exhibiting significant grain motions. 

.2 Influence of encounter orientation on expected resurfaced 

rea 

ased on the results from Section 3.1 , we find that the encounter
rientation may be a dominant factor in predicting locations and total
reas of resurfacing during the 2029 Apophis–Earth close encounter
ecause different encounter orientations cause different surface slope
rofiles. To explore the influence of encounter orientation on regions
f tidal resurfacing, we randomly select the encounter orientations
ather than propagating from the current spin state because predicting
he spin orientation of Apophis at the time of its closest approach to
he Earth using the currently existing data still has a large uncertainty
Pravec et al. 2014 ; Benson et al. 2023 ). We originally conduct 30
imulations with different encounter orientations but first introduce
hree representative cases chosen to maximize observable differences
n resurfacing as a result of encounter orientation. In the dynamics
odel, we set three different initial spin orientations (at a time of
 h before the closest encounter), which each place Earth abo v e
ifferent coordinate planes in the body frame of Apophis at the
ime of perigee. Fig. 6 shows a surface colour map representing the
argest magnitude of slope variation (also known as maximum slope
hanges in the colour bar label of Fig. 6 ) across Apophis’s entire
urface during the encounter for each orientation. For the encounter
rientations, the Earth is located abo v e the x –y plane for Fig. 6 a, the
 –z plane for Fig. 6 b, and the y –z plane for Fig. 6 c. 

For all three orientation cases, we confirm that the patches showing
he largest maximum slope variations are clustered on the side of the
NRAS 520, 3405–3415 (2023) 
bject experiencing the strongest tidal forces, where the patches face
he Earth for most of the duration of the encounter. As an example,
ig. 6 a, when the Earth is located abo v e the x –y plane, shows that the
ost significant slope variations, both positive and negative, occur

or the patches nearest the Earth. Fig. 6 indicates that the largest
lope variations occur in the patches closest to the Earth, but not all
atches have positive slope variations because the slope change is
ffected by the orientation of the patch normal vector compared to
he direction of the Earth. Fig. 1 depicts two cases where the same
idal force induces a positive or negative slope change depending on
he different initial orientation of the patches relative to the vector of
he Earth’s tides. When the tidal force acts along the direction normal
o the patch, it induces positive slope variation. The tidal force vector
cting opposite the asteroid’s gravity prevents grains from resting on
he surface and is more likely to induce significant grain motions. In
ontrast, the force vector causing the ne gativ e slope variation plays
 role in strengthening the local gravity vector and thus lets grains
ack tighter to the surface. This interpretation supports the trend seen
n Fig. 5 that more grain motion is observed in patches with positive
lope variations rather than ne gativ e ones. 

Using the slope profiles for each encounter orientation driven by
he dynamics model, we e xtrapolate e xpected areas of resurfacing
cross the entire surface of Apophis for three different encounter
rientation cases (see Fig. 7 ). The amount of resurfacing on each
atch is defined by mapping its initial slope and slope variation
nto the statistically averaged plot from Fig. 5 . We note that there
re common areas that have the resurfaced patches seen in all
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(c)

(b)

(a)

Figure 7. Global surface map showing the expected tidal resurfacing level, which is estimated by the statistical resurfacing result in Fig. 5 , with different 
encounter orientations: The Earth is located abo v e the x –y plane (a), the x –z plane (b), and the y –z plane (c). The left-most maps show the facets abo v e the 
x –y plane, while those on the right-hand panel are below the x –y plane. The red solid circles denote locations where the most active grain motions occur at the 
initially high-sloped regions among three orientation cases. The red dotted circles define some locations where our models indicate significant resurfacing only 
in specific encounter orientations. 
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M

Figure 8. Simulation results for 30 different encounter orientation cases. The 
red, blue, and black error bar colours represent the group of patches sorted 
into the initially high-sloped ( > 30 ◦), mid-sloped (15 ◦–30 ◦), and low-sloped 
( < 15 ◦) subsets, respectively. The square shows the mean expected resurfaced 
area for each group, with error bars representing one standard deviation in 
the positive or negative directions. The colour of the square represents the 
fraction of patches in that subset that have a total expected resurfaced area of 
at least 3 per cent of the total patch area. 
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ases, such as the ‘neck’ region of the contact binary shape. These
reas are initially high-sloped regions, with slopes exceeding 30 ◦

r with supercritical initial slopes (higher than the expected friction
ngle), and are subject to tidal resurfacing regardless of encounter
rientation. Despite the expected tendency for initially high-sloped
egions to experience resurfacing, we find the encounter orientation
till significantly influences how much resurfacing we see at those
egions and how much we expect adjacent patches to also experience
esurfacing (defining the ‘width’ of the resurfacing region). We mark
he common areas that show significant resurfacing and have the
idest neighbouring resurfaced regions as red solid circles in Fig. 7

nd find that these regions typically match the initially high-sloped
egions with the largest positive slope changes. As an example, the
ocation marked as the red solid circle in Fig. 7 a shows that significant
esurfacing is expected at a high-sloped region on the neck when the
arth is located abo v e the x –y plane. Ho we ver, the same location
hen the Earth is located abo v e the y –z plane (Fig. 7 c) shows very

imited expected tidal refreshing. When we look at the slope changes
hen Earth is abo v e the x –y plane (Fig. 6 a), we see positive slope
ariations in the aforementioned area around the neck, while this
ame region shows decreasing slopes when the Earth is abo v e the y –
 plane. We reaffirm this trend in another initially high sloped region
epresented in the red solid circle in Fig. 7 c. At this area, larger
ositi ve slope v ariations occur in the case when the Earth is on the
 –z plane (Fig. 6 c) than the other two orientation cases (Figs 6 a and
). Besides the commonly resurfaced areas, we notice that there are
ertain regions that can show strong signals for resurfacing depending
n the exact encounter orientation. We mark those regions in dashed
ed circles in Fig. 7 . These regions mostly match with the mid-sloped
atches (15–30 deg) nearest the Earth and thus have large slope
ariations that induce regolith motion. This result again indicates
hat the regions of expected resurfacing are strongly related to the
ncounter orientation. 

To support the features we found by comparing three represen-
ative encounter orientation cases, we statistically investigate the
stimated resurfacing for high-, mid-, and low-sloped patch subsets in
0 encounter orientation cases (see Fig. 8 ). Our metric for quantifying
ow many patches in each subset are being significantly resurfaced is
he number of patches for which A tot ≥ 0.03 A patch . The mean expected
esurfaced area in mid- and low-sloped patches is < 3 per cent, thus
NRAS 520, 3405–3415 (2023) 
he value (0.03) is chosen in the abo v e inequality to most clearly
elineate the colour difference in the fraction of resurfaced patches
mong low-, mid-, and high-sloped patches. As expected, the high-
loped patches have the largest fraction experiencing significant
esurfacing for all encounter orientations—represented by the colour
ar in Fig. 8 . The results indicate a maximum of 80 per cent and
 minimum of 32 per cent of all initially high-sloped patches have
ore than 3 per cent of their total area resurfaced across our 30

rientation simulations. In all cases, this group has a higher level of
v erage e xpected resurfaced area and larger standard deviations than
he initially mid- and low-sloped patch subsets, despite variations
ependent on the encounter orientation. The trend here supports
he feature indicated in our three representative cases: that the
egree of resurfacing and the width of the resurfacing regions at
he initially high-sloped locations depend strongly on the encounter
rientation. For the mid-sloped patch subsets, our results show that
 small fraction ( ∼10 per cent) of the patches experience significant
esurfacing, and have a lower expected resurfaced area than the
igher-sloped patches. As we confirmed in the comparison of our
hree representative encounter orientations, the resurfaced regions
n the mid-sloped subset of patches match areas with significant
ositi ve slope v ariations. Unlike the high-sloped and mid-sloped
atches, we confirm that the low-sloped patch subset is stable against
idal resurfacing regardless of the encounter orientation. As a final
ote, we address that all of our simulated cases indicate very local
esurfacing, with a total expected resurfaced area of only 1 per cent
f the entire Apophis surface area. 

.  DI SCUSSI ON  

ur simulation results indicate that the initially high-sloped regions
how more grain motion than the low-sloped regions with a similar
lope variation. This finding indicates that initially high-sloped
egions are more sensitive to tidal refreshing because even a relatively
mall slope variation can make the surface slope exceed the friction
ngle. This result may indicate potential common areas that will
xperience tidal resurfacing during the Earth flyby regardless of the
ncounter orientation. If the initially high-sloped regions from the
urrent shape model truly exist on Apophis itself; ho we ver, these
reas might already exhibit fresher and brighter regolith than other
reas before the encounter. The high-resolution images from in situ
issions to S-types Itokawa and Eros show evidence of surface

olour variations on both bodies. Earlier studies (e.g. Miyamoto et al.
007 ; Gaskell et al. 2008 ) found a correlation between these surface
olour variations and the surface slope distribution: The higher sloped
reas tend to show brighter surfaces because of downslope grain
otion that exposed fresher material underneath the weathered top

ayer, while the lower sloped areas were co v ered in loose, weathered
e golith believ ed to hav e migrated there. In consideration of the
eatures seen on the surfaces of Itokawa and Eros, the initially
igh-sloped regions on the Sq-type Apophis’s surface might already
how fresher and brighter regolith unrelated to the upcoming tidal
nteraction, or as a result of previous tidal resurfacing. If we could
btain a surface map of the pre-encounter state of Apophis from a
ime when the tidal effect of the 2029 Earth encounter is negligible,
omparing it against a similar post-encounter surface map would be a
ay to accurately confirm whether the upcoming planetary encounter
ill cause any brighter surface colours at the initially high-sloped

egions. Besides that, we also note that some initially high-sloped
egions from the shape model may be not be realistic, given that the
urrent Apophis shape model still has significant uncertainties, as
ddressed by Brozovi ́c et al. ( 2018 ). 

art/stad351_f8.eps


Tidal resurfacing of Apophis 3413 

f
r
i
f
w  

s
a  

t
r
w  

A
a
o
w
2
E
a
U
d  

a
s  

b  

m  

e
i
C
t  

p
t  

t  

c

i  

o  

o
i
w
a  

w
a  

e
t
p
p
s  

i  

s  

s
r
s
b
m
b  

a
h
o  

t  

t
h
s  

o

r  

o  

i  

e  

c
p  

a  

p
o  

d  

s
o
p
1
i
i  

w  

e
c
i  

a
e

5

W
m  

p  

i  

p  

g  

r
i  

t  

c
p
H
e  

i  

2  

p  

r
(  

w  

p
w
M
t  

s
T
g  

i  

m
A
S  

e  

m  

(  

B
r  

a  

s

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/3/3405/7024858 by U
niversity of M

aryland - C
ollege Park user on 23 Septem

ber 2024
We also find that the encounter orientation is the dominating 
actor in predicting more targeted areas where we could detect tidal 
efreshing, given that a positive slope variation is more likely to 
nduce surface grain motion. Since the same location in the body 
rame can have positive or negative slope variation depending on 
here the Earth is located in the patch frame, any area can be

ubject to resurfacing. When the Earth’s tides are close to being 
ligned with the patch normal or downslope direction (Fig. 1 a), the
idal force competes with local gravity, preventing the grains from 

esting on the surface, thereby inducing motion. This means that 
e can predict areas of expected tidal refreshing on the surface of
pophis given more accurate knowledge of the encounter orientation 

t perigee. Currently, the most feasible way to predict the encounter 
rientation of Apophis during the 2029 flyby is by propagating the 
ell-constrained spin state from the 2012–2013 apparition to the 
029 apparition while considering the potential tidal effects from the 
arth, non-principal-axis rotation, and minor effects of Yarko vsk y 
nd YORP that could dynamically alter the object’s rotational state. 
nfortunately, there are still significant uncertainties in the spin-state 
ata from past apparitions (Pravec et al. 2014 ; Brozovi ́c et al. 2018 ),
nd the computational errors associated with propagating the spin 
tate o v er ∼16 yr are fairly significant. Given these uncertainties, the
est way to impro v e our knowledge of the 2029 encounter orientation
ust come from ground observations in the time just before the 2029

ncounter: The DSS-13 and DSS-14 antennas at Goldstone will start 
n mid-March and the DSS-43 antenna at the Canberra Deep Space 
ommunication Complex in Australia will cover the time around 

he closest approach (Brozovi ́c et al. 2022 ). We anticipate that these
re-encounter radar observations will provide accurate detail about 
he rotational state of Apophis, which can then be used to constrain
he likely areas of resurfacing, so that those areas can be targeted for
onfirmation by potential spacecraft and ground-based observations. 

Lastly, we confirm that active grain motion most commonly occurs 
n the half hour before perigee (as shown in the right-hand frame
f Fig. 2 a) and with total resurfacing on the scale of ∼1 per cent
f Apophis’s entire surface area. These findings provide essential 
nformation about the timing and scale of potential tidal resurfacing, 
hich could support the mission planning of observation campaigns 

nd OSIRIS-APEX. In most patches, surface grains mo v e activ ely
hen the patch slopes change most rapidly; the changing surface 

ccelerations can make the grains unstable and mo v e from their
quilibrium positions. This means that the best time to detect active 
idal resurfacing is during the last hour before Apophis reaches 
erigee, after which the surface grains reach new equilibrium 

ositions because the rates of change in the patch slopes become 
maller. We also note that the global tidal resurfacing that we predict
s not e xtensiv e, which is consistent with conclusions from previous
tudies (Yu et al. 2014 ; Benson et al. 2023 ). Ho we ver, our results
till indicate that tidal resurfacing may be seen in certain localized 
egions—initially high-sloped areas and mid-sloped regions with 
ignificant positive slope variation. Given these indications, ground- 
ased observations could detect the level of tidal resurfacing that our 
odels predict if there are precise surface images or albedo maps 

oth before and after the closest encounter. Brozovi ́c et al. ( 2022 )
ddress that Goldstone DSS-13 and DSS-14 antennas can obtain 
igh-resolution radar images that would place tens of thousands 
f pixels on Apophis during the time 10 d before to 10 d after
he closest encounter. That kind of radar observation co v ers the
ime of the 6-h encounter considered in our simulations and can 
elp provide a new, very detailed shape model, possibly capturing 
urface features as small as a few meters in size. Not only the radar
bserv ations, but optical observ ations can also support the shape 
efinement and obtain a data base of Apophis’s surface albedos (the
ptical telescopes that could observe Apophis are listed in table 2
n Vallejo, Zuluaga & Chaparro 2022 ). The new model prior to the
ncounter can be used for more refined dynamics modelling to better
onstrain resurfaced areas. If tidal resurfacing indeed occurs as we 
redict, we expect evidence of tidal resurfacing to be detectable via
nalysis of surface images or albedo changes at the resurfaced areas
redicted by the refined dynamics model. Considering the small scale 
f tidal resurfacing we predict, a change in the moments of inertia
ue to tidal resurfacing is likely to be minimal. Surface properties
uch as roughness and grain-size distributions, important factors in 
ur DEM modelling, could also be better characterized by dual- 
olarization imaging. Furthermore, other radar facilities such as the 
0 GHz HUSIR (Haystack Ultrawideband Satellite Imaging Radar 
n Westford, Massachusetts) can resolve finer surface features with 
mage resolutions down to a few centimetres near the time of perigee,
hich could be enough to detect active tidal refreshing. Lastly, the

xpected surface images from the OSIRIS-APEX mission can be 
ombined with ground-based observations to better understand the 
nfluence of the tidal encounter on the surface, despite the spacecraft
rriving at Apophis 4 month after the close encounter (DellaGiustina 
t al. 2022 ; Nolan et al. 2022 ). 

.  FUTURE  WO R K  

e address two main limitations for the current tidal resurfacing 
odel in the DEM stage: (1) the relati vely lo w porosity of the

atch; and (2) the neglecting of cohesive forces in our models. The
nitial patch used for the DEM modelling stages has an ∼45 per cent
orosity as a result of allowing the particles to coalesce under self-
ravity before carving out the shape of our patch (here we are
eferring to macroporosity between grains, i.e. 45 per cent porosity 
mplies 55 per cent of the volume is occupied by solid grains and
he remaining 45 per cent is void space between the grains). For
omparison, the estimated bulk porosity for both of the rubble 
iles Bennu and Ryugu, recently visited by the OSIRIS-REx and 
ayabusa2 spacecrafts, respectively, is around 50 per cent (Lauretta 

t al. 2019 ; Watanabe et al. 2019 ), while the surface regolith layer
s estimated to have a significantly higher porosity (Walsh et al.
022 ). This indicates that we are underestimating the porosity of the
atches in our DEM models and likely underestimating the degree of
esurfacing. Creating systems with significantly different porosities 
by more than a few per cent) would require preparing the patch in a
ay that is ad hoc or possibly unphysical, using unrealistic material
arameters, adding cohesion during the packing stage, or modelling 
ith irregular particle shapes (e.g. DeMartini & Richardson 2022 ; 
arohnic, DeMartini & Richardson 2022 ). The more void space 

here is in the patch, the more easily the patch can shear, as the
tructures maintaining the particle configuration will be less stable. 
he sample acquisition from the OSIRIS-REx mission to Bennu 
ave results that indicate potentially 70 per cent or higher porosity
n the upper regolith layer on Bennu (Walsh et al. 2022 ), implying a

ore ‘fluffy’ surface regolith structure than we are modelling here. 
pophis is an Sq-type asteroid, which, based on comparisons with 
q-type Itokawa (Barnouin-Jha et al. 2008 ) and S-type Eros (Cheng
t al. 2002 ), may imply the presence of more fine-grained surface
aterial compared to the boulder -hea vy surface of the B-type Bennu

Lauretta et al. 2019 ). Since the porosity approximation comes from
ennu’s Nightingale Crater, where there are more fines than other 

egions of the surface (Barnouin et al. 2022 ), and without significant
dditional data about Sq-type surfaces, we still believe Bennu to be a
atisfactory point of comparison. Regardless, we intend to investigate 
MNRAS 520, 3405–3415 (2023) 



3414 Y. Kim et al. 

M

t  

f
 

r  

i  

c  

s  

s  

c  

i  

c  

o

6

T  

A  

A  

T  

a  

c  

t  

m  

t  

b  

c  

l

A

T  

r  

N  

8  

w  

M  

b  

e  

u

D

T  

t

R

A
A
A  

B  

B
B
B  

B
B
B

B

B  

 

C  

C
C
C
C
D  

 

D  

 

D  

D
D
D  

 

 

F  

F  

F
G
G  

H
J
K  

K  

L  

L
L
M  

M  

 

M  

M
M
N
N  

N  

 

P
P
P
R
R
R
S
S
S  

S  

S

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/3/3405/7024858 by U
niversity of M

aryland - C
ollege Park user on 23 Septem

ber 2024
he effects of modelling regolith systems with higher porosities in a
uture study. 

In contention with the low porosity of our patch, which may be
educing the amount of resurfacing we see, is the absence of cohesion
n our models. Interparticle cohesive forces like Van der Waals forces
an increase the shear strength of a granular assembly, keeping the
ystem stable against the relatively weak tidal forces felt by any given
urface patch. At the scale we model, where particles are tens of
entimetres in diameter, we expect very low interparticle cohesion,
f any (S ́anchez & Scheeres 2014 ). Still, even a small amount of
ohesion could be enough to restrict the resurfacing that we see in
ur models. This will be investigated in our future work. 

.  C O N C L U S I O N S  

his study visits the topic of tidal refreshing on the surface of
pophis, a phenomenon that may be observable during the 2029
pophis–Earth close encounter, using our tidal resurfacing model.
he main finding in this work is that the tidal resurfacing likely occurs
t small scales in very localized regions, mostly 30 min before the
losest encounter. In particular, the orientation of Apophis at the
ime of closest approach will control which areas on the surface
ay experience tidally induced resurfacing. If detailed surface

opographic maps or albedo data during the encounter event can
e obtained through the collaboration of ground-based observation
ampaigns and in situ missions, we may detect evidence supporting
ocal tidal resurfacing as a result of the close Earth encounter. 
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PPEN D IX  A :  DY NA MIC S  M O D E L  E QUAT I O N S  

n our dynamics model, the net acceleration vector acting on an 
arth-crossing asteroid, � a net , is defined as 

�  net = � a g + � a t + � a r , (A1) 

here � a g is a self-gravity term, � a t is a tidal force term, and � a r is a
otational force term. Each term can be written as 

�  g = Gρ

∫ 
V A 

� r 
r 3 

d V , (A2) 

�  t = 

GM E 

R c 
3 

( 

� r − 3( � R c + � r ) · � r 
R 

2 
c 

� R c 

) 

, (A3) 

�  r = �̇ ω × � r + � ω × �̇ r + � ω × ( � ω × � r ) , (A4) 

here G is the gravitational constant, ρ is the object’s bulk density, 
 is the object’s volume, � r is the position of a surf ace f acet relative

o the centre of mass of the object, M E is the mass of the Earth, � R c is
he position of the Earth relative to the centre of mass of the object,
�  is the object’s angular velocity vector, �̇ ω is the object’s angular 
cceleration vector, and �̇ r is the time-rate of change in � r . For � a g , we
ollow the approach by Werner ( 1994 ) to compute the gravitational
otential of the object, represented as a polyhedral mesh. For � a t , the
rajectory of Apophis is retrieved from SPICE kernels (Acton et al.
018 ) and then converted into a vector in the body-fixed frame of
he object to determine � R c . In the conversion, the transformation 

atrix ([ A ]) representing Apophis’ orientation towards the Earth is
pdated in the spin state propagation (described in equation A6 ).
ll constant parameters are defined as the values in the JPL Solar
ystem Dynamics data base 2 in addition to ρ = 2 g cm 

−3 , which is
onsistent with Sq-type Itokawa (Abe et al. 2006 ). For � a r , we note
hat the second term representing the Coriolis effect is ignored, given
hat the tidally induced shape deformation will be minimal within 
he current perigee (DeMartini et al. 2019 ). The time-varying � ω , �̇ ω,
nd [ A ] are propagated according to the following equations (Euler’s
otation equations) with a fourth-order Runge–Kutta integrator: 

 I ] ̇� ω + � ω × [ I ] � ω = 

3 GM E 

R 

5 
c 

� R c × [ I ] � R c , (A5) 

 Ȧ ] = −[ ̃  ω ][ A ] , (A6) 

 JPL Solar System Dynamics website ( https://ssd.jpl.nasa.gov/planets/phy 
 par.html ). 
here [ I ] is the object’s moment of inertia and [ ̃  ω ] is the skew matrix
f � ω defined as below: 

˜  = 

⎡ 

⎣ 

0 −ω z ω y 

ω z 0 −ω x 

−ω y ω x 0 

⎤ 

⎦ . (A7) 

n the spin state propagation, the initial condition of ω z is set as
0.6 h, while other components ( ω x and ω y ) are zero. For the three
epresentative orientation simulations, [A] is initialized to set a given 
oordinate axis in the body-fixed frame of Apophis to point towards
he Earth. 
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