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The gal of this pgeris to deternine the mass tha readhes theEath as interdangary maerial. For the large
objedsthe flux modd by Brown & d. (2002) was usel which is vdid for bodes greater thanl mandis basel on
sengr dataof firebdls that entered the Eath atnmosphere. For the snall sizes theflux modd by Griin € d. (1985)
was usel, which describes tle massflux at 1 AU for meeoroids in the mass rangel0* g to about 100 g. The
Grin flux was corvertad to 100 km heght by taking the Earth dtradion into accourt and &l units were adjusted
to compare the model with the oneby Brown. In asecond stgp both madels were combined by an interpalation,
which lea to a flux model that covers 37 ordrs of magnitudein mass. Wsing recent measurenents ard adternative
flux modds the unertanties of the obtained modd was esimaed. Recent measurenens include in-situ impact
dataon retrieved sp&e hardware and @ticd meteor dda. Alternaive flux madds aree.g. a NASA model for
large sizes that is an extrapdation of known Near-Earth (bjects (NEOs) and amodd by Halliday e d. (196)
which is basd on opticd measurenents of firebdls. Up to a diamete of 1 kmthe totd calculated massinflux is
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1 Introduction

Evely day, dust, meteoroids and someimes largerobjeds
from spae ht the Earh. Skes d these objeds range
from @& smdl as 1 nm to meers or lager. The
corespading total mass range exceals 30 ordes of
magnitude Quartitative information on the flux of the
objects mmes from vaiious source. Information on the
smadlest objeds is manly obtained from the anaysis of
impact aaters (eg. on luna sanples), or on saelite
hadware retrieval from spae. From these in-situ
measuements the mss rage 10°* kg up © 10° kg can be
covaed. Opticd and radarmeteors provide information
in the mass enge 10" kg to a few kilograns. Bright
fireball s extend the massrange up to sizes of 10— 20 m
(10°— 10" kg). Even larger obpds caled asteroids impact
Eath in intervals of several hundred, thausands a more
yeas. Thar impact rde can be etimated from the crater
record o Eath and from smulaions of the near-Eath
asteoids popuation. The presert paperstudies the mass
influx on Earthfor the canplete size range ard addesses
soures of information and upertainties.

2 Basic models

Griin Model

The nodd by Griin ¢ d. (1985) ove's the size ange of
the snalles objedas (10 — 10° kg) ard is basd on
spaecmaft measurenents, lunar micro craer studies ard
zodacd light photometry. The modeis givenin Formula
(1) which desribes the fux per m* and seond to one
side of a radomly tumbling plate in dgendence of the
massm in gram.

F (m) = (2.210°- m*3%+ 15)*439 4+ 1 3 .10

(m + 107 mP+ 1077 ;%) 039+ 1 3. 10% 1)
- (m+ 106 - mz)('0'85)

Since Griin does nat make a dea statement about the
concete siz2 range in which the model is vdid, the
mentioned range was dosen for first cdculatons.
Moreover, the mode descibesthe meteoroid flux a 1
AU, the dstance between Eath ard Swn in our sdar
system Therefore it does nat condder the Fador G,
which describes the effets of gravitation of the Earh
which atracts the meteoroids andthereforeincreases the
numbe of impacting objects onthe Eath.

To calkulate this gravitationd enhancemen facor G a
corstant velocity v of ZOkTm is assured for impading

meteoroids. Then, Formula (2) (ECS5, 2008) is usel to
calallate the escpe veocity v, which descrbes the
velocity needed to ecape from the Eath’'s gravitational
attradion for agiven altitude.

—’ L
Vesc = 2 r+H (2)

It depends on the dstance between the dltitude d the
metoroid and Earths center »+H, in which » desaibes
the mean Earty's radiustha is equal © 6371km and H is
the dtitude @owe Earth’s surface In this cae H is
chosen to be 100 km, sincethis is the dtitudein which
meteoroids gart to beaome visible meteors. Furthemore

3
it deperds on the constant x = 3.986 - 16° -, which is
S

the product of the Eath’'s mas ad the gravitation
consint. Using the given vauesv,,. is cdculaed to be
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11.0991%m for H = 100 km This result is mow used ¢
cdculate the G-Factor using Formula (3) (ECSS, 2008).

G=—2 €)

2_1,2
V" =Vesc

This cdculation yields a fador of 1445 by which the
formula given by Griin has © be multi pli ed.

Since he function of Griin desciibesthe flux per m* and
second while we neal for further cdculationsthe flux per
year ard Eath’s suface the Griin model is saled. It
shald be mationed, that in he peset study, the
Eath’s surfaceis assmed to be at 100 km height, since
the meteors gart to evaporate at his heght ard do not
read the Earths suface asa meteor.

The time saling o the Grin node is dore Ly
multi plying F(m) with a factor of 315360®@ s, which is
the numbe of seonds, that equaes b one year.
Afterwards the Earths surface S in 100 km height is
cdculated using Formula (4), where  is agah the mean
Eath’s radiusandH the atitude d 100 km.

S=4-m(r+H)? (4

The Eath’s surfface in 100 km heght resuts in
5.262@-10" m% This factor is now multiplied to F(m), to
get the flux per year and Eath suface Equdion (5)
shows the modified formula by Grin.

F “(m) = 1445 (31536000 5.26202 - 109

((2210°- m*3%® + 15Y**¥+ 13 . 1009 (5)
(m + 10 m?+ 107 m*) 039+ 13 .10'°

S+ 106 mz)(-o.ss))

This expresson gives the piedicted Griin modd flux per
yearto the mmplde Eath at 100km altitude.

Using this formula theflux according to Griin was plotted
in function d mass anddiameter as shown in Figure 1.
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Figure 1 — Flux by Griinin function of massand dameer.

Brown model

The next stgp was to pot the function F3(E) by Brown et
a. (2002, which desaibes the aimulative number of
meteoroidsimpacting the Eath pe yearin deperdence of
their erergy E, given in kilotons. This formula is deiived
from satelite sensor dataof firebdls tha entered the
Eath atmosphere and is bas# on objects with diametes
between 1 and 9 m so only in this size range itis strictly
valid. Nevertheless, for a first agproac of the flux over

thetota sizerangeit is extended toward larger events up
to a sizeof 20 km diameter. Theflux is given in Equaion

(6).
Fy(E) =3.7E" (6)

Convating kinetic energy to mas one obias

FB(m) =3. 7( 2:4.185- 1012)

)

Using this formula the flux accoding to Brown was
plotted in function of mass ard diameter as stown in
Figure 2.
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Figure 2 — Flux by Brown in function of massand dameter.

The next stgp was to plot the functons of Grin and
Brown together in one pla and to etrapdate both to see
whether they mee in a rrasmale way, or if they have to
be irterpolated. This is show in Figure 3.
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Figure 3—The flux by Grin and Brown, extraplated, as a
function of mass anl dameter.

It can beseam, tha their extendons dready seemto med
in a pretty accetable way since there are o big
devations betveen boh dopes. Anyway an interpolation
is made, in order na to ovestretchthe vdidity of the
original flux modds.

Interpolation

The interpdation is done usng a power law, which will
createa straght linein the doulde logarithmic plot, which
is suypposal to conred both slopes pretty well.

Fitting a power lav of the fom F;,=a-m? to the start-
and ed vdue of the nodds from Giin ard Brown, the
following expressionfor theintempoatedflux is dotained

Fie (m)= 559-10%m09%9 ®
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As a bst step F,, is usé to replace the extensons of
Grun andBrown asshown in Figure 4.
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Figure 4 — Interpolation usng a power law between Grun and
Brown in function of massard diameter.

Mass calculation

To deiive the tota mass acording to the flux modds
shown in Figure 4, it is necessay to know fow mary
paticles thee ae in eab mess irtervd. For this, the
cumulaive dot is changel into a differential plot. Thisis
dore by subtracing the cumulative flux of the rext higher
meass, fran the flux of the mas that is considered.
Afterwards, thederived flux is assigned to the mean nass
value of that interval. Thesesteps ae repeded for dl
masses.

Next, the total mass n each bin is cdculated. Therdore
the flux is multiplied by its assigned mass. By this the
total mass inpacting Eath per yearfor each mass bin is
derived,as $iown in Figure 5 for two massintervals per
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Figure 5 —The mass impactng Earth per year br eachmass
bin.

The last step is to add all cdculated impading masgs
together. By this a tdal impacting massof 21.9 - 1G t per
yea ard 60t per day is derived. The uppe mass limit
consdered here is 10° kg, corresponding to a diameter o

20 km fora marial densty of 2.5-5-.

In the following the acuracy of the various modals is
studied by conmparison with avail able daa.

3 Assessment of models
Comparison of Griin model with observations

Hubble Solar Array impact data
The first modd to be studed is the one by Grin €t 4d..
The daa from the etrieved Hulble Spae Telesope

Sdar Arrays were ardlyzed (UnispaceKert, 2002). The
sdar arrays were hit by smdl meteoids n space (n 60
km dtitude), which creded smdl craters. Thesecraers
gave informdion aou the existing flux in this height
The s$ze range of griking meteomwids was between 259.5
and 0.6 micrometes. The usd daa were taken from
Table 1 of Appendix 1 of Unispace&Kent (2002). In this

tade an impact velocity of 21.4 kTm and a desty of 25

% for themeteoroids were assumd.

The flux has to be adjusted, so0 that the same asumptions
are mede as for the flux by Grin. Therefore seera
effeds hawe to be onsidered as he G-Fator, the Erth
shielding factor (the ®lar arrays could nat be hit from dl
around and the fact tha the Hubble Space Telesmopeis
moving in space These Hects lead to a bta correction
factor of 1.44 by which the flux hasto bemultiplied. The
in-situ impad datafrom the HST solar arays @ree quite
well with the model from Griin. The fluxes are slightly
above the mald predctions but stll within the mald
uncetainty.

CILBO meteor data

Next the moad by Grin iscompaed b the flux modé
deiived usng the CILBO doule staton camea A
predse desaiption, how this flux was deived is gven in
these pocealing by Kretschmea et al. (2015) The
compalison can beseenin Figure 6.

1013

1012 "'-..". . 1
11 *

=
S

=
.

(']

=
(=]
@
.

----- ‘Gruen (1985) Cryg e
De-biased CILBO Flux e —

=
o o o
-
.

Cumulative number impacting
Earth per year
=
o

10° 10° 10 10° 10° 10"
Meteoroid mass in kg
10° 107
Meteoroid diameter in m

Figure 6 — The flux derived by the CILBO daa conypared b the
Griin nodd.

The slope of the flux according to the meteor daa of the
CILBO dauble gation agrees petty well with the sbpe o
the fux by Griin. However, it also lies sightly alove the
Grin flux. Therefore, the flux by Grin might
underestimate the flux in this size range but overdl it
seens  bea wdl validated model and will be usd for
the further mas calculation.

Check of the interpolation

Halliday fireball data

Next the interpolation is checked. The extrapolations of
Grin ard Brown, as wel asthe interpolation, seem b
comed the ends of Griin ard Brown in a sutable way.
Therefore, athird modd (from Halliday & d., 19%) is
plotted in the sane plot, to e with which conredion it
agrees besfThis modéis bagd onfirebdl obsewations.
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The formula for the flux by Haliday is given in
Equations (9.1) ard (9.2), where tte flux is per year and
10° km?® ard the mass has to bepassedin gram to the
function.

For masses between 01 and2.4 kg:

N(m) =m®*.10°3 (9.1)
For masses between 24 and12 kg:

N(m) =m™%.10°2® 9.2

After mutiplying the flux by a factor of 526.202 to get it
pe Eath arface, it is plotted in the sane plot, as the
othertwo extrapdations,as shown in Figure 7.
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Figure 7—The three psdble interpdations between Gin and
Brown.

It can beseen tha for large masses thdlux by Halliday
agees ery well with the interpdation, but far smaller
masse the flux is sverely lower ard therefore deviates
from the interpdation. However, at the lower end of its
domain it interseds precisdy the exterded flux from
Griin.

Sincethe integrated time-aea product is less than one full
day of globd covemge he Haliday results hae
condderable uncertainties. This is why a seond modd
for this mass ranges mnsidered b ched the acuracy of
the interpdation.

Suggs lunar impact flashes

The modd is available & single data points contained in
the pgoer of Suggs ¢ d. (2014) andis based on the
obsvation of lunar impad flashes.A cumulative plot of
thar daa cmparedto the previous modals can be seain
Figure §.
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Figure 8 — Data ofSuggs conpared b the previousmodels.

For masses larger than appoximately 30 g the curve fits
perfedly the slope of the extended flux modd by Griin.
For smaller paticles t appears thd not all meteors wee
detecied, since trere is a decrease in the flux. Moreover,
ther is anly a small anmount of dag points for large
meteors, which leads o randam errors. To get ggnificant
resdts a minimal number of 10 evens should be
contained per mas bin, this is the casefor 140 g
meteomwids. Therefore, a newplot is creded, in which
only particles inthe mas range of 30 — 140g ae fotted,
since thes are the mog rdiable data pants. Moreover,
the erors ofthe cdculated messes ee @wnsdered. These
are due to uncertinties ofthe luminous efficiency, which
vaue lies samewtere between 510* and 5-10°
Therefore te correspmding masses rpresentthe upper
andlower eror estimation. As meanluminows dficieng

—9.32
a value of 1.510% 2 was chos@. This is slown in
Figure 9.
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Figure 9—The most relable datgoints of Suggs, including the
errors canpared b the pevious models.

This plot pants wards two fndings. The first is, &
already mentionad, tha the interpdation beween the
modek by Griin and Brown seens  be an uppe limit
for the flux, snce all comparel models lie below the
predicted flux. The seond is tha the Griin model seenms
to bevalid for even larger particles han asumel so far.
Halliday doesconred peffedly with the exrapolation of
the fux by Griin and also Suggs does fit this aurve very
well. Theefore, the GlUn modé is now assuned to be
valid for particles up to atleastl00 g, asasostatedin the
ECCS.

The net ste is to cdculate a new intempadation beween
the fluxes by Grin and Brown, because none of the
compared nodels is predse enowgh to be assumal to be
completely corred ard therefore an dternative
comedion beween Brown and Griin stould be found.

The newinterpolation is connededto the flux by Griin at
100 gard gives:

Fint100(m) = 17-10% . 0827 (10)

In Figure 10 all modds and connections between Griin
andBrown can besea.
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Figure 10— All consdered connectons between Grin and
Brown.

In Figure 10 it can beseen,that only the data by Sggs
(for dbjectslarger than 100 g) seens tolie dightly below
the new ntempolation. Ths might be due b the fad, that

Suggs assunes a meteoroid velocity of 24 kTm in free

space Therefore he calculated masgs ae smaller than
the one cdculatedin dl othermodek assiming avelocity

of ZOkTm. By adusting this dsaepang one would expect
that the data points by Suggs would shift towards larger

masses nd therefore lie in the aea béween Ioth
interpolations.

The new intempolaion seers to be a lower limit for the
flux in this mass ange. However, the etrapdation by
Brown seens to bea pety goad atemative to cannect
with Griin since it lies central between bah
interpolations and also crossesthe flux by Halli day quite
centric. Therefore this extrapdation is used b calculate
the total mass

Flux models for larger objects

Brown staed in a recert paper (Brown et d., 2015) that
his flux estimaion from 20@ might underegimate the
nunberof impactors larger 10 m. Other modek for larger
sizes include thosefrom Silber et d. (2000) ard NASA
(2003)

Those nodds were assessed asall and cansdered for
the pbta massestmation.

4 Mass calculation

The total mass a&cumulation of Earth depends on the
maximum siz of infalling objeds cosgdered. For a
meaningful mass eimation an upper sizelimit has 6 be
introduced. In this work that limit has been s¢ at a
diameter of 1 km. Objeds d this size or larger are
expeded to impact Eath only about every 700000 yers.
Most of swch objecs that come ¢oser to Earth than 45
milli on km (nea-Earth objects) ae arealy known and an
impact ca be exalded.

According to these models, he total masscoming down
per day in themassrange of 10%* — 10" kg is 5.9 tons.
5 Conclusion and future work

We gudied the massinflux on Earth per day for the mass
range D2 — 10" kg. In-situ impact daa, meteor data

lunar impect flashes and asteroid flux modek were
consicered Up to a dameer d 1 km the calculated mass
influx is 54 tons pe day. The maximum mass infux
comes from sizes aurd 10 — 10° and from the lagest
sizes. The mass nflux in the sze range covered by
meteors ard fireballs hes still considerable uncertinties
andthereareindications fora reduced massinflux in this
size range. It is untea whetter there is a plysical reaon
for this gopaent minimum in the mass influx. Further
analysis of ongdng meteor ard firebell datafor Earthand
the Moonshould provide maeinsight
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