Annual solar motion and spy satellites
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A topic often taught in introductery astronomy courses = the changing position of the Son
the sky as a function of time of day and season. The rekevance and importance of this motion is
expliined in the context of asamons and the impact it bas on buman activibes such as agricalture
The geametry of the obaeryed motion in the sky 1s uzually reduced to graphical representations and
visnalizations that can be difficult to render and grasp. Sometimes stodent=s are asked {0 obserye
the Sun's changing motion and record their data, bot bhis = a long-term project regquiring several
months io complete. ''his paper ouilines an activity for introductory astronomy students that takes

a modern approach bo this topic, namdy determining the Sun's kecation in the =ky on a given date
thromgh the analysis of satellite photography of the Earth.

L. INTRODUCUITOMN

[ntreductory astronomy courses oflten devobe an early
poriion of the semester to learning about the motions of
celestinl ohjects in the sky, and how those motions change
cver the course ol the e, The Hprpnrent MNarth-5Bouth
mation of the Sun during the year s cne of the standard
topies used to rame discussions about seascnal changes
in the sky

The s=ascnal fransit of the Sun in the sky, bebween (=
northernmeost declination cn the summer solstice and b=
southerminost declination on the winter solstice, s alften
explored ina framework that appeals 1o our distant an-
cestors’ needs with regards fo the sgriculiural growing
semson. But in nomedern world, whers common calen-
drical systems are used, time and weather are deliverad
with n quick glance at a smartphone, and few if any of
us look besyond the looal grecery store for vegetables and
ather agricultural products, the need to understand the
mation of the Sun in the sky s=ems remote and removed
from student lives. Other mobivations (or understand-
ing the Sun’s motion i the Farth’s =ky, such as bailding
suncinls, or explaining the changing energy flux with the
sesons owing bo the obliquity with which the Bun’s ruys
strike the surfoce of the Earth can Fe equally wnsatisly-
ing.

Like muny topics in astronomy, understanding the me-
tion of the Sun is o highly visual exercise and cheserving
it in |.|r:-1-::li-::-:: takes |-::-n[_:_ berm cormmitments bo obser-
linn-.-\.: ofben over tirmescales |-::-ng-e*-r thun those in which
a class 1= taught. Here we cuthine an exercise related o
the Sun's moticn that utilizes & new resouree that meost
students are familinr with — the widespread availabality
af global sntellite imagery through mapping websibes and
mapping applications,

Mest students hive found the satellite tmoges of their
homes and schools, and tried bo guess when the image
vz baken cn the basis of which cors are packed in the
driveavny or whak has been planted in their yards, Here

wer deseribe an exercise, based on understanding the mo-
ticn of the Sun, that allows sboudents to estimate the date
an which a given satellite image wos acquired. In section
[l we review the fundamentals of the motion of the Sun;
in sections 1 and IV we deseribe the process of measare
ment, dite estimation, and error assessment; an exam pale
i cublined in section V', and 8 boel discassion of sooroes
af error o section V1.

nless othervwise noted, 81 units are used throughoot.

II. THE MOTTON OF I'HE SUN

The apparent motion of the Sun in the sky resulis from
the combinabion of two ssparate motione of the Earth:
the daily span of the Earth on its axis, and the annual
revolution of the Earth arcund the Sun while '|-:l::-e'-|::-ing ik=
nngulnr mormentum veckor fixed i orientation l:p-::-irllirlg
very nearly to the star Polaris in the sky).

The Earth's span produces the doily enst-to-west mo-
ticn of the Sun in the sky, The time for the Sun to move
from the meridian that passes over an observer’™s head
[defined b be “local noon™) around the sky and back
again is called a solar day, and has a length of ¢, = 240,
This is slightly longer than the Earth's robaticoal period
(fg = 2A56™, called o sidereal duoy).

Olver the course of the yesar, the Sun appears o moyve
northward and scuthward in the sky, o long-term ab-
seryed motion that resalts from the norch |::-c:-|-e'- al the
Earth h-e'-irlg Li|..-|.|r'-:1 toward or WY from the Sun as the
Earth moves in its yearly crhit. The length of time For
this mobion is known as the saler year or fropiead peer,
and has a walue of ¢, = 365,24 days.

Feoa the purposes of the exercize described here, the
most convenient sky coordinates bo describs the location
af the Sun are dechination [coordinates lines equivalent
tor the Farth's latibude lines projected canto the sky) and
metidians (cocrdinate lines fixed on the sky, bui parallel
tor the projected lines of the Earth's longiiude].



LG, 1: Dhifferent solar tracks acrces bhe sky as a function of
the Birne of year, as viewesd by a narthern hemisphers observer
atanding Facing south.

Representative daily sclar brocks across the sky Tor ob-
seryvers i the Morthern Hemisphere are shown in Figure
I for different times of year. During the northern sam-
mer, the Sun’s positicn has the lollowing properties: i
il hi;_:_h declination; ik reaches hi|.'l||-:*1' albitudes in the
.--k_'.': it rises and sets north of the enst and west cardi-
nal directions; and it 15 visible for more than 12 hours a
ey, Dluring the northern winter, the Sun’s position has
the properties: 1k 1= at lower declination; it reaches lower
muximum altitude durning the day; 1t riss and sets over
the horizen at poants south of Bhe cardinal east and wesi
directions; and it has tobal visibiliby of less than 12 hours
per doy. The principal effect of the slow chonge in solurc
declination i= the increase and decresse of Aux [power per

unit aren] on the surfuce of the Earth as the obligquity of

the Sun’s TEYE (:I‘IHII!."I:"'!'H this i= the dominani |.lh}'.--i-:'ﬂ.| ef-
fect thot drives the |.'h:-1|||.'lr~ in the seascns, The u|‘:-|i-:|ui|:.'
af the Sun's rays and the geometricnl consequences for
the projection of shadows 15 precisely the efect that thi=
activity exploits,

III. MEASURING SATELLTIE IMAGES
A larget selection

Mest online mapping services, as well as geogrophi-
cal mapping applications like GoogleEarth have an in-
formution loyer compnsed ol satellite imagery that has
heen stitched together inko s conbinuous mosnie acroes
the surfure of the Earth. A 1.':|ri-:'l_-.' af visual indicators
show that the mosnics have been constructed From oo
ages baken at different epochs, For instance, mest of the
arcas are virtually cloudless, and the seasons indicated
by wegetabive states and ground cover seen from one area
af the map to another are not always constant. A promi-
nent indicator s the differences in shudeows lrom one side
al an imnge to wnother, Consider Tigure 2, showing a
piesce of nosabellite mossic of New York City, Onothe lefi
sicle of the 1nage, the shadows clearly point in o diflereni
direction than those cn the right hand side of an image.
When were these two differend i|r|ﬂ.|_.:_-:':1 taken? Students

are ol i".'i‘lll:"'(l I‘l_'. ||Il:"' EMLITIE |.|||-:'-ﬁLi-::-r| '.-.'h-.'rl '-'il:""'a‘-'ill!.'i HATEHS

FIG. 20 A satellite view of New York Cily rebrieved] from
soagle Blaps,  Differences o shadow directions across the
image showr the mosaic was constructed by data taken at dif-
ferent tirnes,

that are fumiliar and important to them.

[n the activity described here, students should pack a
for example their homes,
The procedure de

Levrggesl I||-:'-:.' are familiar with
a public school, or a lacal hibrary.
scribed in this paper con be completed lor eny satellite
mnage so long as three basic regquirements are met: (1]
The image must show the shadow of an obpct on the
ground; (2] The geagraphic location of the object mousi
be known (e, latibude and longitade); (37 The dimen-
sicns of the abject (height, width and lengeh), and =
crienbabicn with respect to the compass points must be
kncawrn. The height B i measured from the ground level
ter the pieee of the struckure that corresponds 1o the oui-
armmost part ol the shodow in the satellite i|r|e1.|__:_-:'.

For the P s al lustration in this arkicle, consider
a well known national landmark for which the physionl
data cnn be essily found: the Washington Monurment in
Washington 1.C, & retrieved image of the Washington
Monument 1= shown in Figure A, The Washington Mon-
ument 15 an excellent barget for demonstrobion parpoeses,
as its location and dimensicns are well known.

B. Mea=uring shadows and angles

The Bun traces a regular pattern in the sky as a func-
ticn of time, a pattern that s eaptared in the length
and direction of shadows on the ground. To reconstruct
the pomition of the Sun in the sky, the studenis need bo
mesasure bweo basic |.-i-."r-.'.-\. of information from a satellite
mnage 1] the length of the shadow &, which 15 ronverkbed
into the solor aftwfude angle A (angle of the Sun above the
horizen]. and [ 2] the direction the shadow points, which
1= comverbed into the =clar emmuth eogle 2, measured
from due north cleckwise toward the east.

The most convement mebhod of making measurements
ol of satellite imoges is bo import o screen copdure inbo a
graphics program. Using the mouse, have students iden-
tify n pixel at the base of the shadow, and record the
carbesian locnbion of the paxel, (o1, 1), the graphics safi-
ware reports for the paxel. Do the same for o second paxel
al the Efy cof the shadow, r\-.'r-::-r-:|i|||.'\I ite cartesian loea-



FIG. 3 A satellite image of the Washingion ¥Monument, re-
trievesd fram Google Naps.

tion, Lz gzl. The length & of the shadow s found By
application ol the Pythagorean theorem,

&= myizy — o) + gy — ), il

where & 1= the conversion scale in unibs of distance /pixe.
With the known height & of the torget oasting the
shadow, the length of the shodow gives the altitude an-
gl-:: al the Sun from the H’e*ﬂlrmlri-::l.d cansbruction shown

il1 Fi[_:_urr' "1. T‘I‘Ii.'! r'.'h-l]ll. i‘.'\.

A = tan 1(E) . 2]
&

The azimuth angle £ 15 defined as the angular displace—
ment of the Sun, mewsunng parallel io the horizon from
due north enstward, The angular locaticn of the shadow,
' as messured [rom due north, and moy b messared
-:'|in'-c:l|3,' from the irn.ngi:: ur;in[_:_ u probractor or -:x:-lrl}.-uli::rl
ur;in[_:_ the cartesian coordinates for the end |.||:|inL:1 of the
shadow. If Ax and Ay are the coordinates oflsets be
tween the two ends of the shadow, then

LY
= = ban 1(::'.;:) . i3]

The Sun is located exactly opposite the shodow, so the
azimuth angle =

Z = 180"+, ]

=]

PTG, 4 The solar altitude angle 4 is derived from the shadaw
length = and targel heght b

PTG, S The shadow angle & and the solar azimuth angle, 2.
It iz convenient to work in coordinates aligned to the cardinal
directions, such that the y axiz iz alignesd north-sauth, and
the r axis is aligned sast-wesi.

The =ign in Fi. 4 15 chosen to give the correct value ns
mesasured from north, and depends on the arientation of
the shadow in the satellite image,

Becnuse the rotations of the sky are fixed arcund the
north celestinl pole (near the star Polans], the reoon-
struction of the dobe wnd tirme from solar posibion s most
-::|:|r|1.'l::nir'n1|3,' curried out i a :1-|.||'|l::ri-::|.|.| -::-::-|:|r|'|in|.|.l-e'--.-\..-.-'.=:L-e'-|r|
tied bo the pole known as equedorial coordineles: a loti-
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FLG. @: "I'he solar meridian g is the angle between the locoa-
tian of the Sun and the central meridian over the landmark.,
meseured alang the Sun's path.

tude like nngle known as declination, 4, and o longitude
like angle known as right ascension, o, Many formulas
exist for converting (A4, Z) = (8a) |1, 2, but most de-
pend cn knowing the chserver’s local time, which 1= wn-
krown in bhis activity Ot 15 the time the phobograph was
taken). Instead, the conversion may be denved gener-
cally in terms of a coordinabe rotation at a fixed time;
the affzet of the Sun from the fixed wlue then s & mes-
sure of the true clock time st which the image was tolen.
The coordinate rotation s not germane bo the student’s
understanding of this activiiy and has been omiited here,
but the result of such o caleulation is the solar declina-
Liom,

S = min | [sin 4 -sin L4 ecs L - cos Zcos |, (5

where L is the lntitude of the target in the satellite image.
This is the true vulue of the sclar declination at the time
the satellibe image was baken, and s sbrickly s function
al the date, as will be seen in the next section. Mobe that
astronomical declinations are posiiive for angles neath of
the equator, and negatiove for angles soubh af the equator.

Meridians are fixed lines of longitude on the sky, run-
nin[_:_ from the north celestial |::-c:-|i:: by the scuth celestial
pele. Define w salar meridian ¢ to be the angle mes-
sured [rom the meridinn that passes directly overhead o
the meridian that passes through the Sun at the bme of
the satallite photograph, as llustrated in Figure G, In
terms of the known ohservables, the sclar mendian 1=
given by

6]

) 1 win £ - oo A
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IV, RECOVERING DATE AND LTIME

AL Time Aeconstruction

Cin any Ei'.-'ve*-n -:‘I:-J.'.-'. the Sun makes cne transit around
the celestial |.||:||-e'- From the yurbnge |.|-::-ir|l of Farth in a

time {2, It crosses the observer’s local meridian (the line
runming from dus north, overhead to dus scuth) akb pre

cis=ly noon local time, The Earth rotates with o sidereal

period ty giving a rotational frequency wg = 2x/8,. The
time ik takes the Sun bo braverse the angle &5 then s
0 @ - B .
Ey = 2 8 (7]
i B

The time f5 15 the time of the photograph relative to
lecal nocn. Note thot local noon s defined by the time
the Sun is on the local merdian, e by the time in your
current time zone, YValues of £5 = U indicate times before
lecal neon, whereas &3 < 0 are fimes alber locnl noon,
The time reference an Earth s kocern ae Coordinnbed
Lriversal Time (UTC, with the origin defined ok omid-
nighl an bhe |.|rin'||:' meridinn. The lacal bime l::q::-n::-\.-.-ue*d i
LT r|l::}.-nr|-:{r: on the o ngilurh:: 1 am berre Irﬂ-ug—.'.iln".n.l;_. .
where £, 15 the ttime of interest, in this cose the time
the satellite images was taken. For this olfsst to work
properly at any longibude on Earth, eastern longiiode
angles are taken to be posibive and western longitude an-
gles nre taken to be negative. For this calculation, the
peint ol relerence is local noon, so choose o = e — 1,
where {2 1= the offset from noon deseribesd aboyve, and
it a1 constant equivalent to 12 howrs in the anits of chodce,
Overnll then, the bime o given photograph was taken, in
LT s
o — EQ:I - I—r i — L [T .'f_l . I:R:I

frro

B. Date Reconstruckion

The dote is established h:,' the declinaticn of the E-un:
A, ab the time the sabellite image was taken. A vanety
aof analytic frmulae sxst for the declinabion of the Sun
as a luncticn of the day of the year, £ A simple formula
that can ensily be manipulated algebraically = [3]

2
A= 23.44" - =in ;H.:'—Hl] . (]
365

This can be inverted for day of the year, I

ML i .
I.:'] &l | o - 5L (ﬁ) |:||:||
or
363 _— d )
J'Ju Kl | E T — I (m)] |:|||
where 8. 15 expressed in degress, Neode that the arcsine

terms should not be blindly taken with a calculator: the
result of sin =18,/ 23.44%) should be in radiens!
Why are there two sclutions? The Sun's annoal motion
crosses nparticular dechination in the eky twice ench year
cnce when it s hi:::-n'ling northward lhr-::-ugl'l thes :1-1:_'.-':
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F1G. T: The complete solution for day of the year () or $g)
as a functicn af bhe solar declination, d..

FIG. 8 A simulated solar analemma for 4:30pm local fime
al mid-northern latitudes, The sun braces out the figure over
the canrss of the year, crossing sach declination twioe.

and cnee when it is heading southward, Figure 7 shows
the two Branches covered by 1) and Dy, The moet clear
chservational demonstration of this s the photographic
capture af the analemma, the Sun’s apparent motion in
the sky when photcgraphed st the same bme every day.
A sinulaticn of the analemma fram o deskiop planetar-
iwrn progrom is shown in Figure B When students are
attempting bo decide which solution bo use to determine
the day of the year, they must rely on auxibary data
from the photograph, such as vegetative cover or other
sepsonal elues,

V. EXAMPLE: THE WASHING 'ON
MOMUMEMT

[t i= useful to exomine a concreie example of the
method cutlined above, The inital speeifices of the image
scale o oand the shadow mensurements Az and Ay wall
depend cn the captured image used, bk the ather detals
should Ber similar to the values derived here.

The satellite image of the Washington Monument jpre-
vicusly shown in Figure 3 has the necessary qualibies
for this activity, The gecgraphic location of the Mon-
ument 15 well known [LAT = 3R880463° N, LONG =
TT.OAS2 2N, as are ibs dimensions (height & = 169,294
m, square base wikh sides of length £ = 16580 m). Fur-
thermore, it is cnented such that the faces wre parallel to
the cardinal directions,

Lsing the satellite image of the Monument, the image
it loaded into s graphics program that will report the
cocrdinates of any paxel in the image. The scole wos
mensured to ke o = 0460 meters/paxel. Using a one
pixel coordinate at the center of the Monnent for one
and of the shadow, and the pointed tip of the shadow for
the other end, we chbained Ax = 26 poxels and Ay = 213
pixels, giving a shadow length of & = 107.7 meters and
a solur azimuth angle of 2 = 202.0°. Using this shadow
lengih wath the known height of the Monument, the solar
altibude angle was found to be 4 = 5759, Converting 4
and Z bo salar declinaticn and solur meridian using s,
Soand B owith the known geogrophical coordinates of the
Monument yields 5, = B 18" and ¢, = —LL.7".

Reconstructing the time from Eq. 8 yields £ = 179k
LT, which in Eastern Daylight Time = EDT = UTO —
4h=139h = .34 PM. The dates are 2 = 1017 2= 102
(= Apml 12) and Dy = 2428 =~ 243 (= August 31).

VL. ERRORS AMD AMALYSIS

This activity provides an excellent opportunity o in-
trocduce students to the concepis of errar anolysi=. In our
experience, Lhe most commeon source of ercor 1= 1 deber-
mining the precise lengbh of the shadow.,  The shadow
lengih depends on where the endpoinks of the shadow are
chosen, and alss on the measurement of the image con-
version scale o, Error from these messuremnents can be
caleulated from Egs. | and 3 using standard technigues
[5]. nnd propnguted to the equations for solar declination
[Eq. 5], solor mericdian (Eq. 63, and uliimately the time
[Eq. &) and date [Egs, 10 and 11,

To minimize the error in 9, students can estimate the
image scale by measuring the length of o known abgect
visihle in & satelliie imoge, then counting the equivalent
pixel coverage in the sobellite image. & student can use
the length of their house cr o sidewnlk located in the
satallibe image close bo the shodow of interest . For objects
not comaligned with the pixel god, they wll have o ap-
ply the Pythagorean theorem to determine the lengih of
the ohject in pixels, just as they do for the shodow, This
method of direct tmage scale determination will yield a
mare accuribs value for the comeersion scales o, minomiz-
ing the cverall erraor,

Albsclube errors may be detenmined by toking o student
salubion for a particular date and time, entering then
intc i deskbop planetanum progrom, then comparing the
Sun's |:=|.|n:-:ri=c| albitude 4 and azimoth £ to the student
values derived from E{F. 2 und 4.



LG, B When the shadow is projected on a topographic slope
afl anglk a, the apparent shadow lengih € measored from
an cverhead satellite pholograph is different than the brue
shadow length, The resualt is that the apparent solar alfitodes
angle a will be diffierent than the troe salar altitode angle 4.

One of the most significant scurces of errors s when
shadows are }.-r-::-jn::lh'l ks r;|-::-}.-nr;. Figurr O iNustrates
the case for a shadow projected downslope, which resulis
in an apparent shadow length £ different than the true
shadow length. I the apparent shadow length s osed
in Eq. 2, the recovered solar altitude angle wall not be
the true walue, I the slop= o s known [which studeni=
can mensure from topogrnphical maps, or measure with
rudimentary surveys), then the true solar altibade A may
be found (rom the measured apparent shadow lengih £ in
the photogroph, the object heaght B oand the slope angle
o using some basic geometry:

tan 4

— 4 tane . (12

£

YIL DISCUSSLON

Making science relevant bo students and their lives 1=
alvays v challenge, particularly in secvice level courses,

[n courses lie inan:-r|u-::l-::-r3,' astronomy. the bosk i= even
more imparkant sinee astroncany will for many stoudent=
he the anly science class they ever take.

The strengths of this activity are that: (1] 11 Bailds on
everyday, cormmon experiences that most students have,
namely locking at their homes using online satellite 1m-
ages; [ 2] 1t addresses & busic concept that is regularly
lnughl Es pnrk al the inLr\-::-r|u-::l-::-r_'.-' asbronormy rl::}.-an-::-ir-n:
and [:':I:: it 1s |.|.r|u.|.|L|.|.|‘:-]r to any lacaticn an the g|-::-'|'||:'. It
iz somewhat mathematical in derivation, but not out-
sider the norm of what s often expected of inbroductory
astronomy students, [b is, however, amenable to “mea-
sure, plug and play” type laboratory exercises that are
common in such courses, reducing the work to making
direct measurements thot are then evalunbed using alge
braic formulne.

An ideal follow-on or companion activity would be o
wiork with a set of sabellite images of the same ares taken
at dilferent times, to evaluate the changing position of
the Sun, ar to monitor the Sun's declinabion over o long
perod of Bime [a commeon long berm observing acbivity
in many astronomy courses).

A versicn of this activity saitable for the  class-
recm has  been writben up oand  published 0 the
weshesi b,
Yeou cmn bnd ik stk www.dinestructables. condid)S
Tine—and-Date—of -Satellibe- Ha.pu..-"

secbion of the  Ieefrectobles

Temching
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