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Abstract. Milankovitch theory postulates that periodic vari- some ancillary parameters as well, e.g., Earth’s radius-vector
ability of Earth’s orbital elements is a major climate forcing length, solar declination and day length for the chosen date
mechanism, causing, for example, the contemporary glacialand latitude. Time-series plots of the Milankovitch param-
interglacial cycles. There are three Milankovitch orbital pa- eters and several relevant paleoclimatological data sets can
rameters: orbital eccentricity, precession and obliquity. Thebe produced. Both research and pedagogical applications are
interaction of the amplitudes, periods and phases of these panvisioned for the model.

rameters controls the spatio-temporal patterns of incoming
solar radiation (insolation) and the timing and duration of
the seasons. This complexity makes Earth—Sun geometry afl |htroduction

Milankovitch theory difficult to teach effectively. Here, we

present “Earth Orbit v2.1": an astronomically precise and ac-The astrophysical characteristics of our star, the Sun, deter-
curate model that offers 3-D visualizations of Earth’s orbital mine to first order the continuously habitable zone around it
geometry, Milankovitch parameters and the ensuing insola{Kasting et al., 1993; Kasting, 2010), in which rocky planets
tion forcing. The model is developed in MATLABas a user-  are able to maintain liquid water on their surface and sus-
friendly graphical user interface. Users are presented with aain life. The surface temperature of a planet depends to first
choice between the Berger (1978a) and Laskar et al. (2004prder upon the incoming flux of solar radiation (insolation)
astronomical solutions for eccentricity, obliquity and preces-to its surface. Additionally, energy for our metabolism (and
sion. A “demo” mode is also available, which allows the most modern economic activities) is obtained exclusively
Milankovitch parameters to be varied independently of eachfrom the Sun via the process of oxygenic photosynthesis per-
other, so that users can isolate the effects of each parametésrmed by green terrestrial plants and marine phytoplankton.
on orbital geometry, the seasons, and insolation. A 3-D or-The high oxygen content of Earth’s atmosphere, necessary
bital configuration plot, as well as various surface and linefor the evolution of placental mammals (Falkowski et al.,
plots of insolation and insolation anomalies on various time2005), is due to billions of years of photosynthesis and the
and space scales are produced. Insolation computations uggological burial of reduced carbon equivalents (Falkowski
the model’'s own orbital geometry with no additional a priori and Godfrey, 2008; Falkowski and Isozaki, 2008; Kump et
input other than the Milankovitch parameter solutions. Inso-al., 2010). Thus, the Sun is central to climate formation and
lation output and the underlying solar declination computa-stability and to our evolution and continued existence as a
tion are successfully validated against the results of Laskar efpecies.

al. (2004) and Meeus (1998), respectively. The model outputs
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The temporal and spatial patterns of insolation and theirpreviously dominant 41 kyr periodicity. This transition can-
variability on various scales determine climatic stability over not be explained by orbital forcing alone, as there was ac-
geologic time, as well as climate characteristics such as diurtually a decrease in the 100 kyr eccentricity band variance
nal, seasonal and pole to equator temperature contrasts, all during this period (e.g., Imbrie et al., 1993; Loutre et al.,
which influence planetary habitability. Insolation can change2004; Berger et al., 2005; Bradley, 2014, and references
due to changes in the luminosity of the Sun itself. This cantherein). Current consensus focuses on the explanation that
happen due to the slow increase of solar luminosity that giveshe mid-Pleistocene transition is due to factors within the
rise to the faint young Sun paradox (Kasting, 2010; Kump etEarth system itself, rather than astronomical factors — e.g.,
al., 2010), or it can happen on much shorter timescales suchternal climate system oscillations, nonlinear responses due
as the 11-year sunspot cycle (Frohlich, 2013; Hansen et alto the continental ice sheet size, or £@egassing from the
2013). Southern Ocean (Bradley, 2014, Sects. 6.3.3 and 6.3.4, and

Importantly, insolation is also affected by the orbital ele- references therein). Finally, alternative astronomical influ-
ments of the planet. According to the astronomical theory ofences on climate have also been proposed, such as the influ-
climate, quasi-periodic variations in Earth’s orbital elementsence of the orbital inclination cycle (Muller and McDonald,
cause multi-millennial variability in the spatio-temporal dis- 1997).
tributions of insolation, and thus provide an external forcing The Milankovitch cycles are due to complex gravitational
and pacing to Earth’s climate (Milankovitch, 1941; Berger interactions between the bodies of the solar system. Astro-
1988; Berger and Loutre, 1994; Berger et al., 2005). Thesaomical solutions for the values of the Milankovitch or-
periodic orbital fluctuations are called Milankovitch cycles, bital parameters have been derived by Berger (1978a) and
after the Serbian mathematician Milutin Milankéwhowas  Berger (1978b), referred to henceforth as Be78 (valid for
instrumental in developing the theory (Milankovitch, 1941). 1000 kyr before and after present), and Laskar et al. (2004),
Laskar et al. (2004) provide a brief historical overview of referred to henceforth as La2004 (valid for 101 000 kyr be-
the main contributions leading to the pioneering work of fore present to 21 000 kyr after present). Here the present is
Milankovi¢c. There are three Milankovitch orbital parame- defined as the start of Julian epoch 2000 (J2000), i.e., the
ters: orbital eccentricity (main periodicities of 100 and  Gregorian calendar date of 1 January, 2000 at 12:00 UT (Uni-
400 kyr (1 kyr = one thousand years)), precession (quantifiedrersal Time, that is, mean solar time at the Prime Merid-
as the longitude of perihelion relative to the moving vernalian+12h) (Meeus, 1998). There are several other solutions
equinox, main periodicities 19 and 23 kyr) and obliquity of as well, for example, Berger and Loutre (1992) and Laskar et
the ecliptic (main periodicity 41 kyr) (Berger, 1978a). Oblig- al. (2011). These astronomical solutions are crucial for pale-
uity is strictly speaking a rotational, rather than an orbital oclimate and climate science, as they enable the computation
parameter; however, we refer to it here either as an orbital oof insolation at any latitude and time period in the past or
Milankovitch parameter, for brevity. future within the years spanned by the solutions (Berger and

The pioneering work by Hays et al. (1976) demonstratedLoutre, 1994; Berger et al., 2010; Laskar et al., 2004), and
a strong correlation between these cycles and paleoclimatcssubsequently the use of this insolation in climate models as
logical records. Since then, multiple analyses of paleoclimatdorcing (e.g., Berger et al., 1998). Climate models are an im-
records have been found to be consistent with Milankovitchportant method for testing the response of the Earth system
forcing (e.g., Imbrie et al., 1992; Rial, 1999; Lisiecki and to Milankovitch forcing.

Raymo, 2005). Notably, the glacial-interglacial cycles of While most Earth science students and professionals are
the Quaternary have been strongly linked to orbital forc-well aware of Earth’s orbital configuration and the basics
ing, particularly summertime insolation at high northern lati- of the Milankovitch cycles, the details of both and the way
tudes (Milankovitch, 1941; Berger 1988; Berger and Loutre, the Milankovitch orbital elements influence spatio-temporal
1994; Bradley, 2014, and references therein). Predicting th@atterns of insolation on various time and space scales re-
Earth system response to orbital forcing (including glaciermain elusive. It is difficult to appreciate the pivotal impor-
growth and melting) is not trivial, and there are challenges intance of Kepler’s laws of planetary motion in controlling the
determining which insolation quantity (i.e., integrated over effects of Milankovitch cycles on insolation patterns. The
what time and space scales) is responsible for paleoclimatéhree-dimensional nature of Earth’s orbit, the vast range of
change, e.g., peak summer insolation intensity, or overalspace and timescales involved, and the geometric details are
summertime-integrated insolation at northern latitudes (Im-complex, and yet those same factors present themselves to
brie et al., 1993; Lisiecki et al., 2008; Huybers, 2006; Huy- computer modeling and 3-D visualization. Here, we present
bers and Denton, 2008; Bradley, 2014). Moreover, some con“Earth Orbit v2.1": an astronomically precise and accurate
troversies related to the astronomical theory remain, notabl\8-D visualization and analysis model of Earth’s orbit, Mi-
the 100 kyr problem, or the so-called mid-Pleistocene transidankovitch cycles, and insolation. The model is envisioned
tion. This refers the fact that the geological record indicatesfor both research and pedagogical applications and offers 3-
that the last ca. one million years have been dominated by visualizations of Earth’s orbital geometry, Milankovitch
100 kyr glacial-interglacial cycles, a gradual switch from the parameters and the ensuing insolation forcing. It is developed
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in MATLAB ® and has an intuitive, user-friendly graphical c. the Milankovitch cycles are incorporated explicitly and
user interface (GUI) (Fig. 1). Users are presented with a insolation is output according to real or user-selected
choice between the Be78 and La2004 astronomical solutions ~ demo orbital elements, which

for eccentricity, obliquity and precession. A “demo” mode
is also available, which allows the three Milankovitch pa-
rameters to be varied independently of each other (and exag-
gerated over much larger ranges than the naturally occurring
ones), so users can isolate the effects of each parameter on or-
bital geometry, the seasons, and insolation. Users selectacal-g_ the source code is published and advanced users can

endar date and the Earth is placed in its orbit using Kepler's  check its logic, as well as modify it and adapt it; and
laws; the calendar can be started on either vernal equinox

(20 March) or perihelion (3 January). A 3-D orbital config- . the software is platform-independent.
uration visualization, as well as spatio-temporal surface and The issue of climate change has come to the forefront of

line plots of insolation and insolation anomalies (with respect ; : P :
. . "Earth science and policy and it is arguably the most important
to J2000) on various scales are then produced. Below, we flrsﬂ7 poncy g y P

d. allows users to enter exaggerated orbital parameters in-
dependently of each other and isolate their effects on
insolation, as well as view the orbit with exaggerated
eccentricity;

. ' i obal issue of immediate and long-term consequences (e.g.,
describe the model parameters and implementation. We the 9 N (e.g

detail th del interf ide instructi i CC, 2013). Earth’s climate varies naturally over multiple
etail the modef user Intertace, provide instructions on| S’C""'timescales, from decadal to hundreds of millions of years

pab”'t'esl; allnd lijsei’ ar;c; dtgscnbe tl?e Olﬁpﬁt' We then pr.ese%g_g_, Kump et al., 2010). It is thus crucial to understand nat-
successiut modet valldation resuits, Which are comparisony, o ¢jimate forcings, their timescales, and the ensuing re-

t_o existing independer_nly derived iljsolation, solar deC"n_a'sponse of the Earth system. In addition, detailed understand-
tion and season duration values. Finally, we conclude Wlthing of the Sun’s daily path in the sky and the patterns of inso-
b_r|ef analysis of sources of ungertalnty. Throughout, we Pr07ation have become important to increasing numbers of stu-
vide examples of the pedagogical value of the model. dents and professionals because of the rise in usage of solar

(B\e/?g;::rusl g;ngsslﬁlfginsgmtligsg 4 ?ESWZS;aléii}'?Q:poiﬂzt (%ower (thermal and photovoltaic). We submit that the model
’ ’ ’ ’ resented here can enhance understanding of all of these im-
Berger, 1996); Laskar et al., 2004; Archer, 2013; Huybers . s !

2006). Notably, the AnalySeries software (Paillard et al.,
1996; Paillard, 2014) shares many of the functionalities pre-

sented here and offers many additional ones, such as pale@- Key definitions, model parameters and

climatic time-series analysis and many more choices for in-  implementation

solation computation. Importantly, the model presented here

was developed independently from AnalySeries (or otherThe model input parameters, and their values and units, are
similar efforts) and computes insolation from first principles summarized in Table 1. The following definitions, discus-
of orbital mechanics (Kepler’s laws) and irradiance propaga-sion and symbols are consistent with those of Berger et
tion, using exclusively its own internal geometry. The only al. (2010). The reader is referred to their Fig. 1. Accord-
model inputs are the three Milankovitch orbital parameters,ing to Kepler's first law of planetary motion, Earth’s orbit
either real astronomical solutions (Be78 or La2004) or user-s an ellipse, and the Sun is in one of its foci (e.g., Meeus,
entered demo values. No insolation computation code froml998). Orbital eccentricityy (Table 1), is a measure of the
the above-cited existing solutions has been used, so compageviation of Earth’s orbital ellipse from a circle and is de-
ison with these solutions constitutes independent model verfined ase = /1 — b2/a?, wherea is the semi-major axis (Ta-
ification, referred to here as validation, because we consideble 1) andb is the semi-minor axis of the orbital ellipse (e.g.,
the La2004 and Meeus (1998) solutions the geophysical trutlBerger and Loutre, 1994). The semi-major axis is equal to

‘portant subject areas.

(Sect. 5). about 1 AU (Meeus, 1998; Standish et al., 1992) and deter-
The unique contribution of our model consists of teen-  mines the size of the orbital ellipse and thus the orbital period
bination of the following features: of Earth; it is considered a fixed constant in the model, as its

. variations are extremely small (Berger et al., 2010; Laskar

a. central to the whole model is a user-controllable, 3-D g 5 2004, their Fig. 11). Various orbital period definitions
pan-tilt-zoom plot of the actual Earth orbit; are possible; here, the sidereal period is used as a model con-

stant (Meeus, 1998). Thus, Kepler's third law of planetary
motion is implicit in these two constant definitions and is
not included explicitly elsewhere in model logic. The oblig-
uity of the ecliptic,e, is the angle between the direction of
Earth’s axis of rotation and the normal to the orbital plane, or
the ecliptic (Table 1). Eccentricity and obliquity are two of
the three Milankovitch orbital parameters.

b. an interactive user-friendly GUI that serves as a single-
entry control panel for the entire model and makes it
suitable for use by non-programmers and friendly to di-
dactic applications;
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B Earth_orbit v2_1 = o
— Initial Constants and Opti — Dutput:
Solar declination, d :
Semimajor axis 149508261150 km*les§ ==== Orbialperiod. 3652553630 days et CoCa O CeRes 2438
Select the astronomical solution to use 1 Insolation at TOA, Wim"2 334.6547
or the demo mode: Laskar et al. (2004} =
Orbital Parameters Demo Daylength, hours: 12.31
Berger (1978}
__ Miankovitch Orbital Parameters Laskar et al. (2004) . Sun-Earth distance, AL: 1.005361328
Choose year since present (J2000) in kiloyears (thousands of years). Negative years are in the past 2 " .
E.q. select -20.5 for 20,500 years before present and +1,000 for one million years in the futurs. e e
Berger (1978): g| kiloyears since J2000 | | Northern Hemisphere Seasons Length, days:
- . Spring: 92.76
Laskar et al. (2004): p| Kiloyears since J2000 4 i |
Summer: 93.65
OR select values for the Milankovitch parameters:
Fall: 89.84
Eccentricity: 00167024 dimensionless | | Winter- 89.00
o o Longitude of perigee, degrees: 28292
Obliquity of ecliptic: 23.4393| degrees | |
True Longitude, degrees: 173.7344
Precession / R
Longitude of Perinelion: 1029172] degrees | | Wean Longitude, degrees: 177.4096
{c} Titwornir nov & Roy Gilb, 2008-2014

— Calendar/Date, Latitude and Insolation Options University of Richmond, VA, USA
University of California Santa Barbara, CA, USA

Month September > Day: |16 >
Plot/Update Orbit
Fix Calendar Start Date at: Vernal eguinox: Mar. 20 -
Latitude on Earth: Total solar irradiance
43| degrees 1366 W/m'2
(negative in S.H.} at 1 AU: 2
— Time Series (TS) & Insolation Plotting Options == Lianse:
Save 30 Insolation Plots Dat: ding thor's institutions apply, this
Enter plot limits. (kioyears since J2000): [[] save 30 Insolation Plots Date <of = i

(Megative years are in the past) - .
Plot TS of Orbital Parameters & Insolation at chosen latitude

For details, press the Help button.

Start: 200
l Plot Global Insolation for the chosen year ‘
End: 200
Plot EPICA Ice Core and delta-0-18 Data Sets
Insolation is plotted assuming calendar start date of March 20 (Vernal Equinox). May take awhile to run. l Help ‘ ’ Exit |

Figure 1. Main MATLAB ® GUI window of Earth Orbit v2.1. Input and output displayed corresponds to the graphical output of Fig. 2a, i.e.,
contemporary (J2000) La2004 configuration for 16 September,°atl 4&itude.

The third Milankovitch orbital parameter, precession, is constellations. Axial precession is clockwise as viewed from
the most challenging for instruction and visualization. Thereabove the North Pole, hence the north celestial pole describes
are two separate kinds of precession that combine to creata counterclockwise motion as viewed by an observer look-
a climatic effect — precession of the equinoxes (also termedng in the direction of the north ecliptic pole. Precession
axial precession), and apsidal precession, that is, precessi@f the perihelion refers to the gradual rotation of the line
of the perihelion in the case of Earth’s orbit. Axial preces- joining aphelion and perihelion, with respect to the distant
sion refers to the wobbling of Earth’s axis of rotation that stars (or the reference equinox of a given epoch) (Berger,
slowly changes its absolute orientation in space with re-1978a; Berger and Loutre, 1994).
spect to the distant stars. The axis or rotation describes a Axial precession and precession of the perihelion com-
cone (one in each hemisphere) in space with a periodicitybine to modulate theelative position of the equinoxes and
of about 26 000 years (Berger and Loutre, 1994). This issolstices (i.e., the seasons) with respect to perihelion, which
the reason why the star UMi (present-day Polaris, or the is what is relevant for insolation and climate. This climat-
North Star), has not and will not always be aligned with the ically relevant precession is implemented in the model and
direction of the North Pole. Also, due to axial precession,is quantified via the longitude of perihelio@, which is
the point of vernal equinox in the sky moves with respect tothe angle between the directions of the moving fall equinox
the distant stars and occurs in successively earlier zodiacand perihelion at a given time, measured counterclockwise
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Table 1. Summary of constant and variable model input parameters.

Symbol  Constant/variable Value Units Reference Notes

AU Astronomical unit 149597870700 48m  USNO (2013) constant

a Semi-major axis 149.598261150 Olkm  Standish et al. (1992) 1.00000261 AU
(constant)

T Sidereal orbital 365.256363 Days Meeus (1998) constant

period

S, TSlat1AU 1366 Wm™2  Frohlich (2013) Also see Kopp
and Lean (2011)

e Eccentricity 0.0167023%6 - La2004 -

e Obliquity 23.4398 degrees  La2004 -

@ Longitude of perihelion 102.91%9 degrees La2004 -

2 Users can change this default validefault J2000 values. Users can change these variables independently of each other or choose real
astronomical solutions depending on the mode sele€tea2004 refers to Laskar et al. (2004)

in the plane of the ecliptic (Berger et al., 2010). Becausenot constant on geologic timescales. It also matters how this
both perihelion and equinox move, the longitude of perihe-mean distance is defined — for example, over time (mean
lion will have a different (shorter) periodicity than one full anomaly) vs. over angle (true anomaly). True and mean
cycle of axial wobbling alone (Berger and Loutre, 1994). anomaly are defined below in Sects. 2.1 and 2.2, respec-
The direction of Earth’s radius vector when Earth is at fall tively. If S, is defined to be the irradiance from the Sun at
equinox ¢ 22 September) is referred to as the direction of the mean Earth—Sun distance, then it is indeed not a true
fall equinox above. This is the direction with respect to the constant. As used her§, is a true model constant as long
distant stars where the Sun would be found on its annual moas the luminosity of the Sun itself is assumed constant. The
tion on the ecliptic on 20 March — that is, at vernal equinox. default value is chosen to be 1366 W fn(Frohlich, 2013).

In other words, that is the direction of the vernal point in Recent evidence suggests that the appropriate value may ac-
the sky (Berger et al., 2010; their Fig. 1 and Appendix B), tually be about 1361 W m? (Kopp and Lean, 2011). Users
the origin of the right ascension coordinate. This distinc- can change the value 6f independently of other model in-
tion between vernal equinox and the direction of the vernalputs in order to study the effects of changes in absolute solar
point can cause confusion, especially since the exact defiluminosity —for example, in order to simulate the faint young
nition of longitude of perihelion can vary (e.g., c.f. Berger, Sun (e.g., Kasting, 2010) or the sunspot cycle (e.g., Hansen
1978a; Berger et al., 1993, 2010; Berger and Loutre, 1994t al., 2013).

Joussaume and Braconnot, 1997) and the longitude of per-

ihelion can also be confused with the longitude of perigee,2.1 Model coordinate system; Sun—Earth geometry

w = &+ 180, which is the angle between the directions of parameterization; solar declination

vernal equinox and perihelion, measured counterclockwise ) . )
as viewed from the direction of the North Pole, in the planeAccordlng to Kepler's first law of planetary motion, Earth or-

of the orbit (Berger et al., 2010). Here, we use the terminol-Pits the Sunin an ellipse, and the Sun is in one of the ellipse’s
ogy and definitions of Be,rger etal. (20’10). foci. The heliocentric equation of the orbital ellipse in polar

The magnitude of the climatic effect of precession is mod-0rm is given by (Meeus, 1998; his Eq. 30.3)
ulated by eccentricity. In the extreme example, if eccentricity a(l—e?)
were exactly zero, the effects of precession would be null.|r(v)| =
Climatic precessiorgsinw, is the parameter that quantifies
precession and determines season lengths, the Earth—Sun dis-the above, the Sun is at the origin of the coordinate sys-
tance at summer solstice (Berger and Loutre, 1994) and varitem;a is the semi-major axis of the orbital ellipseis eccen-
ous important insolation quantities (Berger et al., 1993, theirtricity; v is true anomaly; and is Earth’s instantaneous ra-
Table 1). This interplay between eccentricity and precessiordius vector, that is, the vector originating at the Sun and end-
presents an important way to introduce both concepts pedang at the instantaneous planetary position. Letesignate
gogically and to test student comprehension. the length of Earth’s radius vector henceforth. True anomaly,

The solar “constant”S,, is defined here as the total so- v, is the angle between the directions of perihelion and the
lar irradiance (TSI) on a flat surface perpendicular to the soradius vector, subtended at the Sun and measured counter-
lar rays at a reference distance of exactly 1 AU (Table 1).clockwise in the plane of the orbit (e.g., Meeus, 1998, his
As Berger et al. (2010) note, due to eccentricity changesCh. 30; Berger et al., 2010, their Fig. 1). The true longitude
the mean distance from the Earth to the Sun over a year isf the Sun (or simply true longitude) is equal to Earth’s true

1)

1+ecosy’
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anomaly plus the longitude of perigee (Berger et al., 2010,mathematics, astronomy, physical geography, and climatol-
their EQ. 6). True longitude is the angle Earth has swept fromogy. At this point the Earth is correctly oriented in 3-D space
its orbit, subtended at the Sun, since it was last at vernalith respect to its orbit and the distant stars. Earth is then
equinox, and it is equivalent to the angle the Sun has traviranslated to its proper instantaneous position on its orbit by
elled along the ecliptic in the same time. Mean longitude isaddition of its radius vector to all relevant Earth-bound model
the longitude of the mean Sun, in an imaginary perfectly cir-elements (which are then plotted in the main heliocentric co-
cular orbit of the same period, that is, mean longitude is pro-ordinate system).
portional to the passage of time, much like mean anomaly Declination is one of the two spherical coordinates of the
(see Sect. 2.2 below). equatorial astronomical coordinate system. It is measured
In the Earth Orbit v2.1 model, given a user-selected cal-along a celestial meridian (hour circle) and is defined as the
endar date, true anomaly, is determined by solving the in- angle between the celestial Equator and the direction toward
verse Kepler equation (see Sect. 2.2 below). The Earth’s rathe celestial object (Meeus, 1998). Solar declination varies
dius vector is then solved for using Eq. (1) above. Becausevith the seasons, due to obliquity. It is zero at the equinoxes,
the main model coordinate system is heliocentric Cartesianfeaches a maximum of¢ at summer solstice and a mini-
the (,v) pair of polar coordinates is then transformed to mum of —¢ at winter solstice. Solar declination determines
Cartesian X, y) for plotting. The model's main coordinate the length of day and the daily path of the Sun in the sky at
system has its origin at the center of the Sun, its positivea given latitude (i.e., its altitude and azimuth above the hori-
x axis pointing in the direction of perihelion, its positive zon as a function of time). Thus, solar declination determines
y axis pointing 90 degrees counterclockwise in the plane ofinstantaneous and time-integrated insolation. In turn, solar
the ecliptic, and its positive axis perpendicular to it in the declination and its evolution over the course of a year are a
direction of the north ecliptic pole. The Earth is initially pa- function of the orbital elements; thus it provides the mathe-
rameterized as a sphere in its own geocentric Cartesian coomatical and conceptual link between the Milankovitch orbital
dinate system in terms of its radius and geographic latitudeelements and insolation and climate. Here, we compute in-
and longitude (corresponding to the two angles of a sphericastantaneous solar declination using the angle between the di-
coordinate system). The Earth’s coordinate systenaady rection of the North Pole and Earth’s radius vector, calculated
axes are in the plane of the Equator (shown as a black dotusing their dot product. Thus, we explicitly compute solar
ted line, Fig. 2), and itg axis is pointing towards the true declination from the geometry of the model and it is a model
North Pole and is coinciding with Earth’s axis of rotation; emergent propertyather than prescribed a priori; therefore,
these axes are also plotted in black dotted lines;theis is  this also applies to insolation computations (Sects. 2.3 and
lengthened so that it pierces Earth’s surface at the Poles, arfs).
the North Pole is labeled. Earth is plotted as a transparent
mesh so that important orbital elements can be seen throug®-2 Implementation of Kepler's second law of
it at various zoom levels (Fig. 2). The color scale of Earth's planetary motion
mesh is just a function of latitude and no day and night sides ) ] » ) o )
are explicitly shown. Earth’s radius is not to scale with the 11 heliocentric position of a planet in an elliptical orbit at
orbit itself or with the Sun’s radius. Thus, the center of Earth @ 9iven instant of time is given in terms of its true anomaly,
has its true geometric orbital position (and is the tip of its in- ¥ — S€€ Eq. (1) and Sect. 2.1 above. True anomaly can also
stantaneous radius vector): however, the surface of the spheR$ thought of as the angle (subtended at the Sun) which the
in the model is arbitrary and must not be interpreted as thé®/anet has “swept” from its orbit since last perihelion pas-
true surface onto which insolation is computed, for example S29€- Kepler's second law of planetary motion states that the
The insolation computations (Sect. 2.3) are geocentric. Th&lanet will “sweep” equal areas of its orbit in equal intervals
Sun is also plotted (not to scale) as a sphere centered at tfYf ime and governs the value of true anomaly as a function
origin of the main model coordinate system. oftime (e.g., Meeus, 1998; Joussaume and Braconnot, 1997).

The Earth is oriented properly in 3-D with respect to the At NON-zero eccentricity, is not simply proportional to time
orbital ellipse by using a rotation matrix to rotate its co- SINCe last perihelion passage (time of flight) expressed as a
ordinate system. The 3-D rotation matrix is computed us_frac_tlon of the orbital period in angular units. The IatFerquan—
ing Rodrigues’ formula (Belongie, 2013) for 3-D rotation Gty i called mean anomaly/. Kepler's second law is used
about a given direction by a given angle. The direction about® rélateM andv, using an auxiliary quantity ca’lled eccen-
which Earth is rotated is determined by a vector which is i anomaly,E. E and M are related by Kepler's equation
always in the orbital planek(component is zero), and the (Meeus, 1998; Chapter 30):

i and j components are determined by the longitude of
perihelion. The angle by which Earth is rotated is deter-
mined by obliquity. _Thus, t_he rotation matrix is gfunction of \wheree is orbital eccentricity. WhetE is known, v can be
two of the Fhree MllankOV|tch parameters and is a valuablegq\ed for using (Meeus, 1998; Chapter 30):

and useful instructional tool/concept for lessons in geometry,

E =M +esSinE, (2)
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MH spring

A)

perihelion

NH winter

NH fall

B)

peribelion
NH summer

MNH spring

NH winter

NH fall

Figure 2. (A) Present (J2000) orbital configuration for 16 September, using the La2004 solution and the calendar start date fixed at vernal
equinox on 20 March. The orbital ellipse is shown in blue, the semi-major and semi-minor axes (perpendicular to each other) are in red
and the lines connecting the solstices and equinoxes (also perpendicular to each other) are shown in black. The perihelion point, as well a
the equinoxes and solstices are labeled (NH = Northern Hemisphere). The Sun is shown as a semi-transparent yellowish sphere centered :
one of the orbital ellipse’s foci, both of which are marked with an “x” along the semi-major axis. The Earth is plotted with its center on
the corresponding place along the orbit, and the angle it has swept since last perihelion passage (the true anomaly angle) is filled in semi-
transparent light green. Earth’s Equator is plotted as a solid black line, and its axis of rotation is plotted as a dotted black line , with the North
Pole marked. The spheres of the Earth and the Sun are not to scale, the rest of the figure is geometrically/astronomically accurate and to scale
This plot is in 3-D and has pan-tilt—zoom capability in the Earth Orbit v2.1 model. The corresponding GUI with numerical ancillary output

is shown in Fig. 1 (for latitude 23N andsS, = 1366 W nT2). (B) Real orhital configuration for 16 September, 10 kyr in the future, using the
La2004 solution and a 20 March equinox as calendar start @t&emo (imaginary) orbital configuration for 1 July (vernal equinox fixed

at 20 March), eccentricity =0.6, obliquity =25longitude of perihelion =225 The geometry is consistent with Berger et al. (2010), their

Fig. 1, although it is being viewed ifA) and(C) from the direction of fall equinox, as opposed to from the direction of vernal equinox in

their figure. The apparent eccentricity of the three orbits in Fig. 2 is also due to the view angle of the 3-D plot and the respective projection
onto a 2-D monitor/paper; the intrinsic eccentricity can be judged by tilting the plot or observing the relative distance from the two foci (the
Sun being at one of them) to the center of the ellipse, the intersection of the semi-major and semi-minor axes (red lines).
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the model geometry. Solar declination and the latitude deter-
mine the daily evolution of solar altitudé, as a function of

tan% — 1+e tang (3)  time, as follows (e.g., Meeus, 1998):
—e
The forward Kepler problem consists of solving for time SiN/ = Sinésing + cos5 cosy cosr . ®)

of flight, M, given the planetary positiony. This is
straightforward by first solving fo£ in Eq. (3) and using

itto solve forM in Eg. (2). assumed constant for the day of interest, aisch measure of

However, in the most intuitive case, which is implemented . .
here, the user enters a desired date, and the position of thttge progress of time (e.g. Berger et al,, 2010). Note that this

planet has to be determined from the date (i.e., time o ssumes the time derivative of the solar hour angle is equal to

flight/mean anomaly/ is given, and true anomaly has to be one, 1.e. itignores the time derlv_atn_/(_a Of. the Equanon (.)f T|_me
determined). This is referred to as the inverse Kepler prob—(Or equiv alently, the_ annual varlab|I.|ty.|n the time derivative
lem and amounts to solving fc in Eq. (2) and then fop of the right ascension of the Sun is ignored). Half the day

in Eq. (3). Solving forE is not straightforward, as no an- length.zs, (i.e., the time between local solar noon and sunset),

alytical solution exists. Numerous numerical methods exist™ determined by setting = 0° in Eq. (5):
for the solution of_the inverse Kepler pro_blem. Here, t_he b|_- s = arcco$— tang tans). )
nary search algorithm of Sinnott (1985) is used, as given in

Meeus (1998). It has the advantage of being computationallyn Eq. (6)zs is expressed in terms of hour angle of the Sun in
efficient, which becomes important when time series of in-angular units. Equation (5) is integrated over time (under the

advantages of being valid for any value of eccentricity andnoon to sunset in order to compute the time-average of the
converging to the exact solution to within the user machine'ssine of the solar altitude for the given date and latitude:

precision.

In the above equatiofis solar declinationy is geographic
latitude on Earth, and is the hour angle of the Sua.is

Is
sink = 1 / (Sind sing + coss cosp cost)dr. (7
2.3 Implementation of Insolation Computation Is 0
Instantaneous insolation at the top of the atmosphere (TOAEquation (7) is integrated numerically with a very small time
can be computed as step of about 10s. Because the altitude of the Sun is sym-
Fo\2 metric about solar noon, it is sufficient to integrate only from
S(h,r)=>5, (7) sinh, (4) solar noon to sunset time. Daily insolation is then computed

by using the time-averagesin/ quantity in Eq. (4). The re-

wherer is the length of the radius vector of Earth expressedsylts are scaled by multiplying by the actual day length and
in AU, and % is the altitude of the Sun above the horizon dividing by 24 h. The resulting quantity represents the mean
(e.g., Bergeretal., 2010). Equation (4) is an expression of thejaily insolation over a full day, which is the standard value
inverse square law and the Lambert cosine law of irradianceysed in climate and paleoclimate science (e.g., Laskar, 2014).
The radius vector length is computed in the model for theif this daily insolation is multiplied by 24 h (in seconds), total
chosen date (and not for every instant) using Eq. §1)is  energy receipt for that day (in J1h) can be calculated.
the TSI atr, = 1 AU by definition (Sect. 2). In this equation At high latitudes, there are periods of the year with no sun-
insolation, S, is defined as the total (spectrally integrated) set or no sunrise. These cases depend on the relationship of
solar radiant energy impinging at the TOA on a unit surface|atitude and solar declination (e.g., Berger et al., 2010). They
area parallel to the mathematical horizon at a given latitude agre handled separately by either integrating Eq. (7) over 24 h,
agiven instants carries the units of,, here Wn12. S needs  or, in the case of no sunrise (polar night), assigning a value
to be integrated over time and/or space in order to computgf exactly 0 W n1?2 to daily insolation.
insolation quantities of interest. Here, the main discrete time
step over whichs is computed and output is one 24 h period
(i.e., daily insolation). 2.3.1 Integrating insolation over longer time periods —

Daily insolation is a function of latitude, date, afigl The caveats
date is associated with a given true anomaly for a given calen-
dar start date and orbital configuration (Joussaume and BraBecause of the varying eccentricity and longitude of perihe-
connot, 1997; Sect. 2.3.1). This determines the current solalion, there is no fixed correspondence between true anomaly
declination and the length of the radius vector of Earth (i.e.,(or true longitude) and any one single calendar date, even if
the Sun—Earth distance). The user inputs the desired latitude@ne were to define a fixed calendar start date. True anomaly
date and TSI, and the rest of the quantities are computed frorand longitude are the astronomically rigorous ways to define
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a certain moment in Earth’s year and seasons (e.g., Bergdye used for verification of the output of the model presented
et al., 2010). If one wishes to make insolation comparisonshere.
between different orbital configurations, one must strictly
define a calendar start date, and even then insolation will
be in phase for different geological periods only for that 3 Model user interface
date (Joussaume and Braconnot, 1997). Thus, the question
of “what is insolation on June 20" is ill posed, unless one The Earth orbit model is provided as Supplement (see sec-
defines strictly what is meant by the date of 20 June. Thetion Code availability & license). The model is developed
problem persists if one wishes to compare insolation inte-and runs in MATLAE®. All model control is realized via
grated over periods of time longer than a day, because ovea single, user-friendly GUI panel (Fig. 1). Users are pre-
geologic timescales, absolute values and the interval of trusented with a choice between the Be78 and the La2004
longitudes “swept” between two classical calendar dates ar@astronomical solutions for eccentricity, obliquity and preces-
not constant. Thus, there are two ways to define a calendasion. A “demo” mode is also available. If a real astronomical
—the classical or fixed-day calendar, in which month lengthssolution is chosen, users are asked to input a year before or
follow the present-day configuration and the date of vernalafter present (defined as J2000, i.e., 1 January, 2000 at 12:00
equinox is fixed, or a fixed-angular calendar, which definesnoon UT, see Introduction) for which they wish to run the
months beginning at certain true longitudes (function of truemodel. The GUI only allows users to choose years within
anomaly and the precession phase, see also Sect. 2.1) atfie respective solution’s validity: the Be78 solution is avail-
they can therefore have a different number of days dependable for 1000 kyr before and after present (J2000), whereas
ing on the orbital configuration (Joussaume and Braconnotthe La2004 solution is available for 101 000 kyr in the past
1997; Chenetal., 2011). The time intervals between solsticeand 21 000 kyr in the future. The La2004 solutions are pro-
and equinoxes also varies, because of varying eccentricityided by Laskar (2014) (specifically http://www.imcce.fr/
and because these intervals happen in different places in thequipes/ASD/insola/earth/La2004/index.htnmh tabulated
orbit with respect to perihelion. Thus season lengths varyform in 1kyr intervals. The Be78 solutions are obtained
over geologic time. Earth Orbit v2.1 outputs season lengthby transcribing code from NASA GISS (see Acknowledge-
in the main GUI to emphasize this important fact (Fig. 1). ments). The model looks up the values of eccentricity, oblig-
Earth Orbit v2.1 uses the classical calendar dates (24 h peridity and precession for the chosen year and solution (using
ods) as the user time input, rather than true anomaly or trudinear interpolation between tabulated years if necessary),
longitude. This choice is much more intuitive to non-experts,and these values are used in subsequent visualizations and
and best serves the educational purposes of the model. Trenalyses. If the user chooses the “demo” mode, they select,
user has as a choice of calendar start date (Sect. 3) and truedependently of each other, the values of the Milankovitch
solar longitude is output (Sect. 4.2; Fig. 1) to remind usersparameters, which can be greatly exaggerated. In this way
of the above considerations. The effect of calendar choicausers can isolate the effects of each parameter on orbital ge-
on insolation phases and comparisons and on climate modetsmetry, the seasons, and insolation. The “demo” mode is cen-
is discussed at length by Joussaume and Braconnot (1997al to the pedagogical value and applications of the model
Timm et al. (2008) and Chen et al. (2011). because it allows users to build and visualize an imaginary
The time step of integration can also influence the resultorbit of, for example, very high eccentricity while keeping
of insolation computations, for example, if annual insolation obliquity fixed. Moreover, the model will output all subse-
is averaged with a 5-day step, results are substantially difquent parameters, such as solar declination, day length and
ferent from the case when a 1-day step is used (not shown}yadius vector length, based on this exaggerated imaginary or-
For this reason, the model computes annually averaged inbit.
solation at a given latitude by using 1-day steps of integra- Users input the desired calendar date, geographic latitude
tion. Finally, we note that the daily insolation computations on Earth (positive degrees in the Northern Hemisphere and
of the model are robust and validated for real values of the ornegative degrees in the Southern Hemisphere), and desired
bital parameters (Sect. 5.1, but see also Sect. 6); however, thelue of TSI. The calendar date defaults to the current date,
model currently has limited functionality for making com- latitude defaults to 43N, and TSI defaults to 1366 WM™
parisons of insolation integrated over longer time periods(Sect. 2). Two choices of calendar start date are available:
over different geologic scales. In order to make such compareither fix vernal equinox to be at the beginning of 20 March
isons, the use of the elliptical integrals method of Berger et(default), or fix perihelion to be at the beginning of 3 January.
al. (2010) is recommended, as well as the Laskar et al. (2004The availability of this choice complicates interpretation of
methods, both of which come with accompanying softwaremodel output; however it has high instructional value. It il-
(Berger, 2014 and Laskar, 2014). In addition, users are relustrates that the choice of calendar start date and a calendar
ferred to the latest version of the AnalySeries software packsystem is a human construct, accepted by convention; it is
age (Paillard et al., 1996; Paillard, 2014) for additional in- based on the actual year and day length but is relative. This
solation and time-series options. All of the above can alsocan also help test knowledge of the concepts explained in
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Sect. 2.3.1. The effect of the different choice of calendar startduring perihelion, and some really high insolation values can
date is most apparent at exaggerated eccentricities and/or atcur even at modest solar declinations (e.g., for 29 March,
longitudes of perihelion that are very different from the con- at 43 N, solar declination is~27°, day length is~16h,
temporary value. Insolation time-series output (Sect. 4) isand daily insolation is 3307 W%, far exceeding any con-
only computed for the calendar being fixed to vernal equinoxtemporary value anywhere on Earth). The reason is that the
on 20 March. Sun—Earth distance then is only 0.4 AU, and the distance fac-
tor becomes a first-order effect on insolation, whereas it is a
second-order factor in the real Earth orbit configuration (an-

4 Model output gle being the first-order factor, see Eq. 4).
The plots of Fig. 2 have pan—tilt—zoom capability, so users
4.1 Graphical output can view the orbital configuration from many perspectives;

this is at the core of the pedagogical value of the model.
The main output of the model is a 3-D plot of Earth’s orbital The plot is updated with the current parameter selections by
configuration. Figure 2a illustrates the orbital configuration pressing the “Plot/Update Orbit” button. Finally, note that the
using the contemporary values of the Milankovitch parame-apparent eccentricity of the orbits also changes with the view
ters (the La2004 solution for J2000 is shown), for 16 Septem-angle and the projection onto a 2-D screen. This should not
ber. The current phase of the precession cycle is such thdie confused with the intrinsic orbital eccentricity, which can
Northern Hemisphere (NH) winter solstice occurs shortly be-be also judged by the relative distance of the orbital foci
fore perihelion (longitude of perihelion is 102.9). This (marked with an “x”) from the ellipse’s center (the inter-
results in Northern Hemisphere spring and summer beingsection of the semi-major and semi-minor axes, red lines in
longer than the respective fall and winter (as shown in theFig. 2)
GUI, Fig. 1). Figure 2b illustrates the orbital configuration Users are presented with several options of plotting inso-
also on 16 September, but for 10kyr in the future (also us-ation as a function of time and latitude. First, insolation can
ing the La2004 solution). Since this represents about a halbe plotted for a single year (using the currently selected Mi-
of a precession cycle, the timing of the seasons is approxitankovitch parameters) as a function of day of year and lati-
mately 180 out of phase with respect to the contemporary tude (Fig. 3a, upper panel). Insolation anomalies with respect
configuration (the longitude of perihelion 18279.2, and  to the J2000 La2004 orbital configuration are also plotted,
Northern Hemisphere summer occurs near perihelion and isising S, = 1366 W nT2 (Fig. 3a, lower panel). Anomalies
the shortest season). Because we chose to fix the calendare especially useful when analyzing the effect of changes
start date such that vernal equinox is always on 20 Marchijn insolation on the glacial-interglacial cycles. For example,
and the eccentricity is fairly low, the date 16 September stillthe anomalies at 63\ during summer months 115 kyr before
occurs near the fall equinox, like in the contemporary exam-present (Fig. 3a, lower panel) suggest the inception of glacia-
ple. However, because the length of time passing betweetion (e.g., Joussaume and Braconnot, 1997), as these areas
vernal equinox and fall equinox is now shorter, 16 Septem-were receiving about 35-40 WT# less insolation than they
ber almost coincides with fall equinox, unlike the contem- are receiving now. The data in these plots is computed with
porary case. Of course obliquity and eccentricity have alsosteps of 5 days and 5 degrees of latitude. Multi-millennial in-
changed 10 kyr in the future, but unlike the longitude of per- solation time series can also be plotted in a 3-D surface plot
ihelion, their changes are small in absolute terms, and thuss a function of year since J2000 and day of year, at the se-
this cannot be readily visualized by comparing Fig. 2a and blected latitude. Users select the start and end years for the
This is one reason why it is very useful to have the ability to time series. The data for these plots are computed for steps
choose arbitrary independent values of the Milankovitch pa-of 1 kyr and one day (for day of year). An example of the
rameters in the demo mode, constructing an imaginary orbitoutput is provided in Fig. 3b.
Figure 2c illustrates one example of such an imaginary or- Several time-series line plots are also produced. Insolation
bit with greatly exaggerated eccentricity (0.6) and obliquity time series are plotted for the currently selected latitude; both
(45°) and longitude of perihelion of 225that is, very dif-  the currently selected date and the annual average are shown
ferent from the J2000 values. This imaginary orbit illustrates(Fig. 4a). A multi-panel plot (Fig. 4b) allows comparison of
that the date 1 July can occur in the fall, due to the large ecthe three Milankovitch parameters. Precession is visualized
centricity and the specific phase of precession chosen. Springs the longitude of perihelion, as well as the climatic pre-
lasts only~ 20 days in this configuration because it occurs cession parametersine (Berger and Loutre, 1994). A sep-
during perihelion passage, where the planet is much fastearate GUI button allows users to optionally produce time-
according to Kepler's second law, as compared to apheliorseries plots of several paleoclimatic data sets (Fig. 4c). The
passage (fall lasts-229 days in this configuration). Sum- top panel shows the EPICA G@Luthi et al., 2008a, b) and
mer lasts about 58 days. Thus, July 1 occurs during the faldeuterium temperature (Jouzel et al., 2007a, b) time series
season, counterintuitively. Importantly, such an exaggerateavhich go back to~ 800 kyr before present. The bottom panel
eccentricity means that the planet is very close to the Surof Fig. 4c shows two benthic oxygen isotop80) data
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Figure 3. (A) A day of year-latitude insolation plot for 115 kyr before present (J2000) (upper panel) and the corresponding anomaly from
J2000 (lower panel), usin§, = 1366 W nt2. (B) Insolation time series at 6% as a function of day of year, spanning 200 kyr before and
after present (J2000). Negative years are in the past. @9tAnd(B) use the La2004 solution.

set compilations — the Lisiecki and Raymo (2005) benthicsource references) and beyond the scope of this work. They
stack (Lisiecki, 2014) and the Zachos et al. (2001) data (Za-are provided here for illustrative purposes only, e.g., this en-
chos et al., 2008). These data sets go back to 5320 kyr andbles users to easily visualize the last few glacial-interglacial
67 000 kyr before present, respectively. To first order, highercycles (and the mid-Pleistocene transition to 100 kyr cyclic-
8180 values are associated with higher continental ice sheeity, see Introduction), or to visually correlate these paleocli-
volumes and lower benthic ocean water temperatures (Zamatic time series with the corresponding Milankovitch pa-
chos et al., 2001). For this reason, thexis of the lower  rameter and insolation curves.

panel of Fig. 4c is inverted, so that higher values of EPICA

CO, and temperature (generally warmer climates) from the4.2  Numerical/Ancillary output

upper panel of Fig. 4c can be easily associated with lower

580 values (also generally warmer climates). These paleoancillary data (and their units) are output in the main GUI
climatic data are included for convenience of the user andyindow (Fig. 1) and are updated every time the Earth or-
no further interpretation or analyses are provided. Users argjt plot (Fig. 2) is re-drawn (Sect. 4.1) (i.e., every time the
cautioned that the interpretation of these paleoclimatic sig«p|ot/Update Orbit” button is pressed). Variables that are out-
nals and their uncertainties, time resolution and chronologypyt in the main GUI are as follows: solar declination, insola-
(age models) is fairly complex (e.g., Bradley, 2014, and datajon at the TOA for the chosen date and latitude, day length,

www.geosci-model-dev.net/7/1051/2014/ Geosci. Model Dev., 7, 10568 2014



1062

520

8
8

Insolation for June 20, W m
N
&
g

/|
460 =\ | /|

Insolation at 65° latitude, W m ™

T. S. Kostadinov and R. Gilb: Earth Orbit v2.1

Thousand of years since J2000

Eccentricity

dimensionless

Obliuity

200

-300

360

« f\

\/\“1

270

2
5

| i f\/\

b
v

©
s

-200

I
\‘ \

f‘ \
| ‘u \‘ M‘
M “‘ H

-100 0 100

Longitude of perihelion/Climatic Precession

/\/\/\/

vu

“(H //\

MHM‘MH \/\ ‘/ / /

200

VA

—500 —400 =300

Long. of perihelion, o, deg

o

N
2
3

260

€O 1, ppmv

220

—200

0

|M

‘H W
L

M\,N r& V‘;

—1 0

EPICA CO, and temperature

'y

400

Climatic precession, e*sin()

Temperature, °C

—-600

~500 ~400
Thousands of years since J2000

Lisiecki and Raymo 2005 5'%0

Zachos et al. (200

1) s‘so‘

Benthic Foraminiferal 5'%0, %o

—-600

-500 400
Thousands of years since J2000

Figure 4. (A) Insolation time-series plot spanning 200 kyr before and after present (J2000) td#620 June (blue) and annual average
(red); (B) time-series plots of Milankovitch orbital parameters spanning 500 kyr before and after present. Panels from top to bottom display
eccentricity, obliquity, and longitude of perihelion and climatic precession; @9tland(B) use the La2004 solutioC) Time-series plots

of paleoclimatic data spanning one million years before present: EPICA ice coré@@) and deuterium temperature (green) (upper panel)

and the Lisiecki and Raymo (2005) (blue) and Zachos et al. (2001) (red) compilations of benthic oxygen B&@pddta (lower panel).

Note they axis of thes180 plot is inverted. Negative years for all Fig. 4 panels are in the past.
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Sun—Earth distance, length of the seasons (as defined in tha&stronomical solution and the semi-major axis and orbital
North Hemisphere (NH)), the longitude of perigee, and trueperiod (Sects. 2 and 2.3; Table 1). Therefore the validation
and mean longitude of the Sun. As a reminder, the longi-presented here is an independent verification of the model's
tude of perigee is the angle between the directions of vernajeometry and computations, taking the Laskar (2014) values
equinox and perihelion and true longitude is the angle Earthas truth. Section 6 discusses sources of model uncertainty
has swept from its orbit, subtended at the Sun, since it wasvhich can explain some of the small differences observed.
last at vernal equinox; mean longitude is proportional to time

instead (for detailed definitions, see Sects. 2 and 2.1 above.2 Solar declination validation and season length

Users also are given the option of saving the data used to  Validation

make the insolation plots in Fig. 3 in ASCII format. The first
row and column of these files list the abscissa and ordinat
values of the data, respectively.

oolar declination was validated against the algorithms of
Meeus (1998). The model year is neither leap, hor common
(Table 1) and is thus not equivalent to any single Gregorian
calendar year. In order to validate declination at all dates,
the Meeus (1998) algorithm was used to compute solar de-
clinations for 12:00 UT on each date of four years (2009—
2012, 2012 being leap) and average the declinations for each
date (not day of year, Fig. 6). These averages were then
compared to the solar declination output by the model for

mate science perspective and is the fundamental discrete timfg@t date. Results indicate differences are always less than
unit at which the model calculates energy receipt at the TOA.~ 0-2° (Fig. 6, blackline). By construction, model solar dec-
Daily insolation was validated against the results of Laskar efination on 20 March will always be exactly zero degrees.
al. (2004), as provided in Laskar (2014) (specifically, the pre-'” reality, the exact instance of vernal equinox varies year

compiled Windows package http://www.imcce.fr/Equipes/ to year, so Fhese validation differences are expected. Impor-
ASD/insola/earth/binaries/index.himin both the Earth or-  {@ntly, the differences between the model and the 4-year aver-

bit model and the Laskar software, the La2004 solution foraged Meeus (1998) declinations are consistently smaller than

the orbital parameters was used, and the default model soldP€ daily rate of change of declination (Fig. 6, green curve),

constant (Table 1) was used. Laskar (2014) defines 21 MarcAS computed from the Meeus (1998) data. Additionally, these
as vernal equinox, whereas Earth Orbit v2.1 fixes Vema|d|fferences are of a similar magnitude to the standard devi-

equinox on 20 March for insolation time series. This was ation of declination between these four years for each date

taken into account in this validation. Two dates were tested9- 6, red curve). Thus the solar declination validation is
_ 21 March and 20 June (according to the Earth Orbit v2.1€xcellent and model configuration for each date is representa-

calendar; this corresponds t6 and 96 mean longitude for tive of a typical generic Gregorian calendar date. The discon-

the Laskar (2014) software), at three latitude20° S, 45 N tinuities in the Meeus (1998) — derived curves in Fig. 6 (red
and 63 N. The entire time series from 200 kyr in the past 21d green) are due to omitting 29 February 2012 when av-

to 200 kyr in the future (present = J2000) were tested with a€raging declination values for each date. The discontinuities
time step of 1kyr. Validation is excellent; virtually all test N the Earth Orbit v2.1 to Meeus (1998) comparison curve
cases result in differences in insolation of less than 1¥¢m  (Fig- 6, black curve) are due to the above, plus the fact that

for 21 March and less than 2 WA for 20 June, respectively the length of the model year is equal to the sidereal orbital pe-
(Fig. 5a and b, solid lines with dots), which corresponds to/10d @nd thus 19 March is a longer “day” in the model year,
less than 0.5% of the absolute values (Fig. 5¢ and d, soli!"C® calendar start is fixed as vernal equinox on 20 March

lines with dots). Importantly, these differences are generally(&/S0 se€ Sect. 6 below). Finally, season lengths are an excel-

much smaller or of the same order of magnitude as the corl€nt method to validate the geometry of the model, because

responding differences between the Be78 and La2004 astrdn€Y test that the model is correctly computing a given time
nomical solutions as computed by Earth Orbit v2.1 (Fig. 5 of flight on the orbit for a section of the orbit that corresponds

dashed lines). Furthermore, these differences are generalf & 9iven season, and generally not coinciding with spe-

smaller than the uncertainty resulting from varying estimatestia! Points such as perihelion. Season lengths agree to within

of the TSI (e.g., Frohlich, 2013, vs. Kopp and Lean, 2011,0.01 days with the tabulated values of Meeus (1998) (his Ta-
see Sect. 2); also, these differences are smaller than the tble 27F).
tal contemporary anthropogenic radiative forcing on climate
due to fossil fuel emissions (IPCC, 2013; their Fig. SPM. 5).
The Earth Orbit v2.1 model uses its own internally con-
structed orbital geometry and first principles equations to
compute insolation. There is no additional a priori prescribed
constraint to the model other than the orbital elements

5 Model validation
5.1 Insolation validation

Daily insolation is the most important model output from cli-
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Figure 5. Absolute differences (W 2, solid lines with dots) between our insolation solution (using the La2004 astronomical parameters)
and the Laskar (2014) insolation solution (also using the La2004 astronomical solutions; insolation provided by his Windows pre-compiled
package ahttp://www.imcce.fr/Equipes/ASD/insola/earth/binaries/index.hfior 21 March(A) and 20 JunéB). Differences between the

Be78 and La2004 astronomical solutions (insolation for both computed by our model) are shown for comparison with dotted lines. Data
are shown for three different latitudes —°28 (red), 45 N (green), and 65N (blue). (C) same as iffA) but displaying percent insolation
difference,(D) same as ir{B) but displaying percent insolation difference. Earth Orbit v2.1 insolation computations use the model’'s own
orbital geometry with no additional a priori input other than the Milankovitch parameter solutions of La2004. Negative years are in the past.
See Sect. 5.1 for details.

6 Sources of uncertainties Next, we draw the users’ attention to a few additional
sources of uncertainty. Determination of some of these uncer-
Assumptions and approximations in the model and the un+ainties is outside the scope of this work; however, users can
derlying astronomical solutions propagate to uncertainties irrun sensitivity analyses using the model in order to quantify
the model outputs, such as declination and insolation. Somgnem. Importantly, uncertainties in the astronomical solutions
of these assumptions were already discussed, such as calcghat are used as input to the model will propagate to insola-
lating insolation for a given calendar date vs. true longitudetion computations. There are differences between the differ-
interval (fixed-date vs. fixed-angle calendars), and choosingnt astronomical solutions (e.g., Fig. 5). Accuracy is highest
integration steps for insolation time series (Sect. 2.3.1). Thenear the present time and degrades further into the past or fu-
calendar bias discussed in detail in Sect. 2.3.1 means thalire (Laskar, 1999; Laskar et al., 2004). Chaotic components
if one compares insolation over geologic time on a givenof planetary orbital motions introduce an uncertainty that in-
classical calendar date (e.g., 16 September), which occurs g@eases by an order of magnitude every ten million years,
given number of 24 h periods after the fixed vernal equinox,making it impossible to obtain astronomical solutions for the
one is not necessarily comparing insolation at the same trug/ilankovitch parameters over period longer than a few tens
longitude. The same argument is valid for an arbitrary inter-of millions of years (Laskar et al., 2004). As a reminder, the
val of time longer than a day and shorter than a full orbital Be78 solution is valid for one million years in the past or fu-
cycle. This calendar bias creates the artificial north—south tilgyre, whereas the La2004 solution is valid from 101 million
observed in insolation anomalies (Chen etal., 2011), which isjears before present to 21 million years in the future; how-

also exhibited by the Earth Orbit v2.1 model output (Fig. 3a, ever, solutions for times further back in time than 50 million
second panel). This is expected because Earth Orbit v2.1 uses

the classical calendar dates, which are more user friendly.

Geosci. Model Dev., 7, 10511068 2014 www.geosci-model-dev.net/7/1051/2014/
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— J2000 La2004 orbital parameters; not shown), much smaller
04 — %o 1 than the validation differences of Fig. 6. We conclude that
do,,/dt, °/day the choice of orbital period does not influence the insolation
| computations significantly.

A single value for solar declination and the radius vec-
tor length is used in the computation of daily insolation
(Sect. 2.3). In reality, these quantities change continuously,
instead of having discrete values. This is likely to introduce
small errors in insolation that will generally be smaller in
magnitude than the difference in daily insolation between
successive days. Importantly, day length and daily insolation
values near perihelion at very high eccentricities (that can oc-

Degrees or Degrees/Day

03} 1 cur only in Demo mode, not in the real Milankovitch cycles)
N should be treated with caution due to significant violation of

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec the assumptions in applying Egs. (6) and (7) (see Sect. 2.3).

Date In such cases the radius vector length and the declination of

Figure 6. Solar declination validation: difference between solar the Sun may change significantly over the course of one 24 h
declination as computed by the internal geometry of the Earth or-period, and the hour angle of the Sun changes significantly
bit model (using the La2004 orbital parameters for J2000) andmore slowly than assumed (its time derivative is less than
mean actual declination from the years 2009, 2010, 2011 and 201®ne); this is not dealt with rigorously in this implementation.
as computed for 12:00:00UT every day with the algorithms in  Sunrise and sunset times used in the insolation computa-
Meeus (1998) (black solid line). The rate of change of declina-tjon are referred to the center of the disk of the Sun and the
tion (green solid line) and the standard deviation of declination formathematical horizon at the given latitude. Note also that ir-
each date for the four years (red solid liné,= 4 for each data o jiance js given at the top of the atmosphere (TOA), but all
point) are also shown for reference. The model computations were

performed with the calendar start date fixed at vernal equinox Ofcomputatlons are geocentric, rather than topocentric, which

20 March. The date 29 February 2012 was removed from the analrc'hoUId Iead. to ”99"9"0'9 insolation dlfferenC(_es. Since the
ysis, so the abscissa corresponds to a given date, that is, dates, fit0del year is not an integral number of days, if total annual
days of year were averaged for a given mean solar declination acrod§solation is computed by summing daily insolation values,
the four years. Abscissa ticks represent the 15th of each month. [the 19 March insolation needs to be scaled by 1.256363 to

00:00 UT is used for the Meeus computations instead, differencesgeflect the fact that this day is 241.256363 h long in the

(black curve) have a different pattern and are larger, but never exmodel (Berger et al., 2010). Here, we average daily insola-

ceed~ 0.4 degrees (not shown). See Sect. 5.2 for details. tion to output average annual insolation, so this correction is
not applied.

years before present should be treated with caution (Laskar
etal., 2004). 7 Concluding remarks

Due to the gravitational interaction of Earth and other so-
lar system bodies, in particular Jupiter, Venus and the MoonWe presented Earth Orbit v2.1, an interactive 3-D analy-
high-frequency variability (timescales of years to centuries)sis and visualization model of the Earth orbit, Milankovitch
of the Milankovitch parameters is superimposed on the long-cycles, and insolation. The model is written and runs in
term low-frequency Milankovitch cycles. An example of MATLAB ® and is controlled from a single integrated user-
such variability is the nutation in obliquity with a period of friendly GUI. Users choose a real astronomical solution for
~ 18 years. These high-frequency fluctuations also lead tdhe Milankovitch parameters or user-selected demo values.
insolation changes. Bertrand et al. (2002) used results fronThe model outputs a 3-D plot of Earth’s orbital configu-
the VSOP82 planetary position solution (Bretagnon, 1982)ration (with pan—tilt—zoom capability), selected insolation
and a simple climate model to demonstrate that the amplitime series, and numerical ancillary data. The model is in-
tudes of these high-frequency variations and the effect on intended for both research and educational use. We emphasize
solation and surface temperature is negligible (equivalent tahe pedagogical value of the model and envision some of
model noise) as compared to the 11-year Sun cycle or théts primary uses will be in the classroom. The user-friendly
low-frequency trends. GUI makes the model very accessible to non-programmers.

The model prescribes the sidereal year as the orbital pel is also accessible to non-experts and the primary and
riod (Table 1), which is slightly longer than the tropical year secondary education classroom, as minimal scientific back-
(Meeus, 1998). The difference is on the order of 0.01 daysground is required to use the model in an instructional set-
The use of these two different period definitions leads to negting. Disciplines for which the model can be used span math-
ligible differences in solar declination on a given date (for the ematics (e.g., spherical geometry, linear algebra, curve and
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