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Abstract. The local Equator Crossing Times (EXT) of the 13 National Oceanic
and Atmospheric Administration (NOAA) platforms (TIROS-N and NOAA-6
through -17) flown from 1978 until the present have been summarized as a
function of time and approximated analytically. The fit equations accurately
reconstruct all past EXTs to within +2min and also allow extrapolation in time,
thus providing a useful insight into the phenomenology of its evolution. The
EXTs of the three European Research Satellites (ERS: ERS1, ERS2 and
Envisat) and two Earth Observing System satellites (EOS: Terra and Aqua) are
also presented. In contrast to the NOAA platforms, the ERS/EOS orbits are
adjusted in-flight. This makes an analytical fit to the resulting man-made EXTs
impractical, and less needed as the EXTs are more stable.

1. Introduction

Since 1978, the TIROS-N (TN) (TIROS-N, NOAA-6, -7 and -12) and
Advanced TIROS-N (ATN) (NOAA-S, -9, -10, -11, -13, -14, -15, -16, -17) series of
National Oceanic and Atmospheric Administration (NOAA) polar orbiting
satellites have become an indispensable source of unique global meteorological
and climatological information about the Earth (e.g. Rao et al. 1990, Kidder and
Vonder Haar 1995, Cracknell 1997, 2001). The NOAA satellites have been designed
to be sun-synchronous, however, their orbits change in time. This ‘orbital drift’
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causes a platform to systematically progress through different phases of the solar
illumination and diurnal cycle of the underlying surface and atmosphere, thus
modulating radiances measured by every single instrument onboard NOAA
platforms, and affecting meteorological and climate products derived therefrom.
Numerous examples are found in the literature for the Advanced Very High
Resolution Radiometer (AVHRR) (e.g. Price 1991, Gutman and Ignatov 1995,
Privette et al. 1995, Brest et al. 1997, Gutman 1999 a,b, Kogan and Zhu 2001,
Stowe et al. 2002, Cao et al. 2002, Reynolds and Gentemann 2004), for the TIROS
Operational Vertical Sounder (TOVS, consists of three instruments: the High
Resolution Infrared Radiation Sounder, HIRS, the Microwave Sounding Unit,
MSU, and the Stratospheric Sounding Unit, SSU) (e.g. Brownscombe et al. 1985,
Bates et al. 1996, Waliser and Zhou 1997, Jackson and Bates 2001, Christy et al.
2003, Mears et al. 2003, Menzel et al. 2002, Vinnikov and Grody 2003), and for the
Solar Backscatter Ultraviolet Radiometer (SBUV) (e.g. Flynn et al. 2000, Miller
et al. 2002).

The change in the local solar time (LT) of observation is closely tracked by the
changes in LT when a platform crosses the equator (Equator Crossing Time, EXT).
In some of the studies cited above, limited time series of the NOAA EXTs have
been plotted for selected portions of active phases of some NOAA platforms. The
orbits of the more recent European Research Satellites (ERS: ERSI, ERS2 and
Envisat) and Earth Observing System satellites (EOS: Terra and Aqua) are
corrected in-flight, which is supposed to maintain a constant EXT. However, their
actual EXTs have not been analysed. This paper provides a complete systematic
summary of the EXTs for all the TN/ATN, ERS and EOS platforms. It also offers
convenient analytical fits for the NOAA platforms, for useful insight into the
mechanisms of their EXT evolution and easy practical use. The fit equations are
accurate enough to reconstruct the historical EXT data for different NOAA
platforms, and predict their future evolution.

2. Orbital configuration and Equator Crossing Time (EXT)

NOAA strives to keep at least two platforms in space at all times by launching
new satellites to replace the aged ones. The two orbits have been carefully chosen to
take four measurements a day approximately equidistant in time, at the same local
solar time (LT) day after day, to provide for consistent scene illumination (in the
solar reflectance bands) or segment of diurnal cycle (in the Earth emission bands).
One platform is termed morning and the other afternoon, with orbital planes about
90° (six hours) apart along the approximate north-south axis. The afternoon
satellites are launched in an ascending (northbound) orbit, with an EXT (5) of
~1500 (TIROS-N), ~1430 (NOAA-7, -9), ~1330 (NOAA-11, -14), or ~1400
(NOAA-16). These orbits descend back from north to south on the dark side of the
Earth at (»-12) ~0300, 0230, 0130, or 0200, respectively. The morning satellites
descend from north to south at #~0730, and ascend from south to north in the
local evening, at (n+12)~1930. NOAA-17 is the first mid-morning satellite, with
descending (southbound) node passing at #~1000, and ascending (northbound)
node occurring at (y+12)~2200. Note that the definitions of the morning and
afternoon platforms, widely used in the community, should be considered a mere
convention, to differentiate between the two types of orbit. They may appear
confusing to a fresh user of NOAA data. In particular, both platforms have AM
and PM passes (unlike their names may suggest). Furthermore, the AM pass of a
morning platform occurs while on a descending part of the orbit, whereas the PM
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pass of an afternoon platform is on an ascending part. In fact, both platforms
ascend from south to north in the local afternoon (1~ 1330 and 1930), and descend
back from north to south during the local morning (3y~0130 and 0730).
Additionally, the above EXTs are but target overpass times at launch, whereas
the actual EXTs systematically change during the satellite’s lifetime as discussed
below. Whatever the evolution of the EXT during the lifetime of a platform, its
morning or afternoon attribute designated at launch remains unchanged.

The ERS and EOS platforms are designed to allow correction of the orbit
during the satellite’s lifetime, and therefore their EXTs are expected to be more
stable than for NOAA satellites.

3. Data

The NOAA keeps records of the TN/ATN ephemeris for the active
(operational) phase of each platform only. The Brouwer-Lyddane orbit prediction
package (Kidwell 1998, Goodrum et al. 2003) is used to calculate, for each orbit,
the longitude of the point at which the satellite crosses the plane of the Equator in a
south to north direction (this point is called the ascending node, AN), 14 (°) and
the respective AN time, T,y (h) (in Coordinated Universal Time, UTC), from
which the local EXT, # (h), is calculated as =T ,y—A4a/15° (e.g. Duffett-Smith
1988). Historical NOAA ephemeris files are available in three different formats with
a non-uniform quality (the number of non-smooth data/outliers progressively
increasing towards earlier platforms) at ftp:/ftp2.ncdc.noaa.gov/pub/data/orbit/
crossing/ and current data are available at http://www.osdpd.noaa.gov/PSB/PPP/
NAVIGATION/navpage.html. Useful information about NOAA platforms (launch
dates, operational periods, etc.) can be found at http://www.earth.nasa.gov/history/
noaa/ and http://www.oso.noaa.gov/poesstatus/.

The US Space Command (USSPACECOM,; formerly the North American
Aerospace Defense Command, NORAD), which is in charge of monitoring the
motion of all orbital targets near the Earth, produces the two-line-element (TLE)
dataset. The TLE data are available from various Internet sites for the full lifetime
period of many meteorological platforms, including NOAA, ERS and EOS. In this
study, data from http://celestrak.com are used from 1980 onwards, which are
available in a consistent format and exhibit few outliers. Note that in contrast to
NOAA data, the TLE calculations are run on a per need basis rather than for every
orbit. The reference times (epoch) at which the TLE data are reported were chosen
to be the same T,y as in the NOAA data (this fact is essential as it greatly simplifies
the calculation of the EXT from the TLE). Among other parameters, the TLE files
report the right ascension of the AN of a platform, 2 (defined as the angle between
the vernal equinox and the AN). The longitude of the equator crossing is obtained
by subtracting from Q2 the Greenwich mean sidereal time, © (expressed as the angle
between the vernal equinox and the Greenwich meridian): A,y=02—06, and the
local standard time of the equator crossing is subsequently calculated as
n=T4n—24n/15°. More details are found for example in Duffett-Smith (1988).

In what follows, the TLE and NOAA data are compared for the NOAA
platforms, and show excellent agreement. For the ERS and EOS platforms, the
NOAA data are not available and therefore the TLE data are used.

4. Results
Figures 1 and 2 plot the EXTs for the seven afternoon (ascending node; subtract
12h for the descending node) and six morning (descending node; add 12h for the
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Figure 1. Local Equator crossing time, EXT (ascending/northbound node), 5 (h), for the
seven NOAA afternoon platforms. (a) TIROS-N, (b) NOAA-7/C, (c) NOAA-9/F, (d)
NOAA-11/H, (e) NOAA-13/1 and -14/J, (f) NOAA-16/L. (Note that NOAA-13
experienced power failure shortly after launch, and therefore was replaced by
NOAA-14. The two ‘twin’ platforms are shown in one panel (¢).) Dashed grey: the
two-line element (TLE) data. Solid black: the NOAA data. Dashed black:
extrapolation of the EXT based on fit equation (1) and data in table 1. Solid vertical
lines separate the past EXTs prior to 2003, and their future projection beyond 2004.

ascending node) platforms, respectively. (Note that NOAA-13 experienced a power
loss due to a circuit failure shortly after launch, and NOAA-14 was launched to
replace it. These ‘twin’ platforms are combined in figure 1(e).) At the time of
writing, all 13 TN/ATN platforms continue to be in orbit, albeit some of them
stopped sending data to Earth years ago. The TLE data are available for a full life
cycle of each platform, with the exception of TIROS-N, which was launched in
October 1978. Here, NOAA data are available through January 1980, and TLE
data from January 1980 onwards. As mentioned above, the NOAA data cover only
the active fraction of a platform’s life (see e.g. the left panels of figures 1 and 2). In
the overlapping periods, the two EXTs (derived from the TLE and NOAA data)
agree within a few seconds.

The afternoon platforms are typically launched with 1 ~ 1400, and begin drifting
to a later afternoon immediately thereafter. Their EXTs reach a maximum of
Nmax ~ 2200 after ~ 15 years in orbit, and then drift back to a 7,;, ~ 1400 in the next
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Figure2. Same as figurel but for the six morning NOAA platforms (descending/
southbound node). (¢) NOAA-6/A (b) NOAA-8/E, (¢) NOAA-10/G, (d) NOAA-
12/D, (¢) NOAA-15/K, (f) NOAA-17/M.

15 years or so. The NOAA-16 is slightly different as its orbit was ‘stabilized’, i.e.
phased in such a way that its EXT first made a ~1.5-year long motion towards
noon, before it started drifting towards later times in the same way as the previous
afternoon platforms did. The idea of re-phasing the afternoon orbit has been a
subject of discussion in the remote sensing community for a long time (see e.g. Price
1991). However, the risk for a platform to drift back in time too far, due to
imprecise initial orbital conditions (and possibly ruin the power system due to the
increased angle of incidence of the Sun on the solar panels, Price 1991), was not
minimized until very recently, when the launching rockets became accurate enough
to provide highly predictable orbits. For all afternoon platforms, the range is
AN =Nmax—Nmin~8h, and centred about 7n~0600/1800 (descending/ascending
orbits, respectively).

The morning orbits all appear to be ‘stabilized’. Launched around 5 ~ 0730, they
first briefly drift forwards in time, before starting drifting back to 1~ 0430 and then
return to the n~0730 again. The full cycle takes about 7'~24 years, and the range
1S A =#max—Nmin~3h centred about 0600/1800 (descending/ascending orbits,
respectively).

The NOAA-17/M was put into an unusual mid-morning orbit with an EXT of
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n~1000 (southbound/descending node). Its full period is T~28 years, and the
range An~ 6h centred about 0730/1930 (see the next section for an explanation on
how its 7 and An were determined). The NOAA-17 ‘average’ time is thus shifted
with respect to both afternoon and morning platforms by 1h 30 min, and its range
An~6h falls between the morning (An~3h) and afternoon (An~8h) values.

The EXTs of the ERS (ERS1, ERS2, Envisat; all AM) and EOS (Terra, AM;
and Aqua, PM) platforms are shown in figure 3, along with the EXTs for NOAA-
16 and -17. The ERS1 and ERS2 maintain their EXTs of #~1030 within a few
minutes, except after the ERS1 was deactivated in March 2000, after which time its
EXT began to evolve ‘naturally’. In the first two years of its life, the Terra crossed
the equator anywhere between 7~ 1031 and 5 ~1045. In 2002, a more stable period
with 1 ~1031 commenced. The Envisat crosses the equator at n~ 1000, well within
a few seconds, and NOAA-17 drifted from 5~ 1000 at launch to n~1009 by the
end of 2002. The Aqua overflies the equator with # from ~ 1333 to ~ 1335, whereas
NOAA-16 launched with n~ 1358 had first drifted back in time to 7y, ~ 1353 but
returned to the original EXT by the end of 2002.

5. Fitting NOAA EXTs and predicting their future evolution

Approximating time series of the historical EXT with simple analytical
functions is insightful into their phenomenology, and useful to represent them
succinctly and to predict future evolution. To choose an appropriate form of the fit
equation, recall that for a given orbital period, the local EXT of a satellite is
determined by the position of its orbital plane in space relative to the direction of
the Sun, measured by the right ascension of the ascending node, Q2. The orbital
plane is moving, due primarily to gravitational perturbations. Kaula (2000)
provides analytical expressions for the rate of change in 2 due to the secular
(linearly proportional with time) and periodic perturbations caused by the non-
spherical gravitational field of the Earth. Following Kaula’s method and integrating
the Lagrange equations (equation (3.38) in Kaula 2000) with the disturbing
function (equation (3.70) in Kaula 2000) and assuming that the longitude of the
ascending node, the argument of perigee and the mean anomaly are all linear
functions of time, and the remaining three orbital elements (the semi-major axis,
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Figure3. Same as in figure1 for the (a¢) AM (descending/southbound node) and (b) PM
(ascending/northbound node) ERS and EOS platforms. EXTs for the mid-morning
NOAA-17 and afternoon NOAA-16 platforms are duplicated from panel (f) of
figures2 and 1, respectively, for easy comparison.
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eccentricity and inclination) are constant, one can write the change §Q as:
0
0Q=A(t—1,)+ Z {Bjcoslp;(t—1t,) +q]+ Csin[p;(t—t,) + ¢} (1)
=1

Here ¢ is the time elapsed since a chosen reference time ¢, and the constants A4,
B,, C,, p;, and ¢, are functions of the orbital elements.

Note that the other astronomical objects in the solar system (chiefly, the Sun
itself) affect the EXT perturbations as well. Their combined effect can still be
described in a form of equation (1), but with a different set of parameters.

The orbits of sun-synchronous satellites are designed in such a way that the first
(secular) term in 0%2, the dominant part of which is due to the equatorial bulge of
the Earth, matches the average rate of the Sun’s motion projected on the equator:
A=360°/365.25 days. With respect to this rotating orbital plane, the changes
exhibited in the EXT are then represented by the second (periodic) term. We have
used this periodic term to guide us in the construction of the function for the fitting.
Equation (1) suggests that this term is expressed as an infinite series of sums of
cosine and sine functions, with the same frequency and phase for a given index /. To
restrict the number of parameters needed in the fit, we replace the infinite series
with a sum of a constant and one or two harmonic terms, H, and H,, with different
frequencies and phases and arrive at the expression

n=n,+o1 x sinfw; x (JD—=ID,) +¢]+ 0 x sinfw, x (JD—ID,) + ¢,] (2)

that can be viewed as a formal mathematical approximation of a periodic function
with one or two Fourier terms. A secular term similar to the A(t—t,) term in
equation (1) representing the residual of the linear drift in the EXT with time was
also tested in equation (2), but was found to be statistically insignificant (indicating
highly accurate sun-synchronization of the NOAA orbits) and therefore not
included. In equation (2), the 5, has a meaning of an average EXT, around which
the actual EXT oscillates; the o;, w;, and ¢; are the amplitude, frequency, and phase
of the respective harmonics (i=1,2), and the JD is the Julian Day (an algorithm for
calculating JD is available e.g. from Duffett-Smith 1988); JD,, is the first JD, for
which the TLE data were available for a platform (note that it should not be
confused with the launch date).

The JD, and the fit parameters for the afternoon and morning platforms are
summarized in tables 1 and 2. The rmse of approximating the historical EXTs with
the fit equations, o,, is always less than 30s. Figure 4 additionally plots the residual
of the fit for the six early platforms, with the largest rmse. It suggests an excellent
agreement between the TLE- and NOAA-derived EXTs. The residuals never exceed

Table 1. Fit parameters in equation (2) for different afternoon NOAA platforms.

o o W $ o Wy ¢ RMSE,
D, (h) (h)y (@D (ad) () (DY (rad) a, (5

TIROS-N 2444242 18.350 3.367 6.093e4 5.247 0.150 1.551e-3 4.438 11
NOAA-07 2444779 18311 3972 5.419¢e4 5.008 0.140 1.511e-3 3.183 21
NOAA-09 2446047 18.367 4.312 5.160e-4 5.064 0.207 1.506e-3 2.969 25
NOAA-11 2447583 18.258 4.935 4.989%¢4 5.036 0.164 1.754e-3 2.244 7
NOAA-13 2449209 17913 4.410 5.603e-4 4.841 0.122 1.811e-3 1.220 3
NOAA-14 2449717 17.759 4.348 5.718e4 4.809 0.224 1.540e-3 1.451 3
NOAA-16 2451809 18.099 4.141 4.955¢-4 4.531 0.212 3.129¢-4 3.404 3
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Table2. Fit parameters in equation (2) for different morning NOAA platforms. *NOAA-17
is a mid-morning satellite and therefore its fit parameters differ from the other
morning platforms.

Mo o (] ¢1 %) (2] ¢2 RMSE,
D, (h) (hy (@D H (ad) () (@D (rad) o, (5

NOAA-06 2444242 6.226 1.458 7.268e-4 1.244 0.080 1.443e-3 5.267 29
NOAA-08 2445422 6.156 1.470 7.310e-4 1.134 0.037 1.650e-3 0.092
NOAA-10 2446691 6.176 1.543 7.320e-4 1.159 0.103 1.146e-3 4.123
NOAA-12 2448391 6.178 1.421 7.613e—4 1.272 0.041 1.637e-3 4.509
NOAA-15 2450947 6.169 1.399 7.507e-4 1.260 0.040 1.356e-3 3.404
NOAA-17" 2452450 7.489 2810 6.000e-4 1.040 0.130 3.267e-4 3.324

— N W0

2min, and could be further reduced if needed, by adding a third harmonic in
equation (2). Using only one harmonic in place of two leads to a less accurate fit
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Figure4. EXT fit error with equation (2) using fit parameters listed in tables1 and 2, oy
(min), for the six early NOAA platforms with largest approximation errors (see e.g.
the last column in tables 1 and 2). (a) TIROS-N, (b)) NOAA-7/C, (c) NOAA-9/F, (d)
NOAA-6/A, (¢) NOAA-8/E, (f) NOAA-10/G. Dashed grey: the two-line element
(TLE) data. Solid black: the NOAA data.
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(error increases by a factor of 3-4). It is thus concluded that the accuracy of the
above three-term expression is sufficient for our purpose.

Note that in the calculation of tables 1 and 2, the (real value) JD in equation (2)
was specified from the exact UTC of the satellite equator crossing in ascending
node, T,n, which is not available to readers. Numerical estimates show that
specifying the (integer value) JD for a centre of a day leads to a worst-case error in
the EXT of up to a few seconds, which is typically smaller compared to the fit error
and therefore not critical for practical use of equation (2). For example, the EXT
for TIROS-N on midday (UTC=1200) 25 November 1986 (JD=2446760) is
calculated using equation (2) and data in table 1 as #=20.091 h. The TLE result for
the orbit passing at UTC~0327 on that day is #=20.09157h, a ~2s difference
from the predicted value.

In equation (2), 7, is the average EXT. It ranges from #n,~ 1745 to n,~ 1820 for
the afternoon platforms (ascending node), and from #n,~0610 to n,~0615 for the
morning platforms (descending node). This means that if a consistent node is
considered, the average EXT is 1,~0600/1800, and approximately the same for all
NOAA platforms except NOAA-17.

The first harmonic (H;) approximates the EXT shape well. For the afternoon
platforms, parameters of H;, are: o, ~3.4-49h w;~(5-6)x10"* (D"
(corresponding to a period of T7~28-35 years), and ¢; ~4.5-5.2. For the
morning platforms, parameters of H, are: oy~1.4-1.5h, ¢;~7.4x107* JD ")
(corresponding to a period of T;~23 years), ¢; ~1.1-1.3. Numerical experiments
with a simple model have shown that the empirical periods and amplitudes should
be at least an order of magnitude smaller, if the Earth were the only cause of the
orbital drift. It is therefore felt that the observed fit parameters and the large
differences between the morning and afternoon platforms can be explained only if
the effect of the Sun is considered. This is because the secular rate of Q is very
sensitive to variations in the inclination of the orbit, and for sun-synchronous orbits
the otherwise small perturbations in the inclination would build up with time (a
phenomena known as ‘deep resonance’ in orbital mechanics) (Vallado 2001). The
rate of change in the inclination due to the Sun depends on the desired value of
EXT of the satellite (e.g. Price 1991), and thus it is expected that the amplitude of 5
will be different for the morning (EXT ~0730) and the afternoon (EXT ~ 1400)
satellites.

The accuracy of the fit is further improved by the second harmonic (H,). The
parameters of the H, harmonic for the afternoon platforms are: o, ~0.14-0.22h,
wr~(1.5-1.8) x 107* (JD™') (corresponding to a period of T,~9-11 years), ¢,
~1.2-4.4. For the morning platforms, o, ~0.04-0.10h, w,~(1.1-1.6) x 1073
(JD™Y) (corresponding to a period of Th~11-16 years), ¢, ~0-5.3.

All fit parameters (except for the phase of H,) appear well reproducible from
one platform to another. Note that frequencies of H, for the NOAA-16 and -17 are
about five times lower compared to their predecessors. Additionally, the NOAA-17
average EXT #,~0730/1930 is dramatically different from all other NOAA
platforms.

Future projections (up to 2020) of the EXTs for all NOAA platforms based on
the estimated fit equations are also plotted in figures1 and 2. Predictions are
undoubtedly more accurate for the earlier platforms, but are deemed to be good at
least qualitatively for the more recent platforms (such as NOAA-16 and -17) as
well, being based on the physical equation (2), whose parameters are reproducible
for all similar platforms. In particular, the NOAA-16 will be flying at n~1500 by
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2006, at n~1600 by 2008, and at 1~ 1800 by 2011. The NOAA-17 EXT will reach
its maximum of #f,.,~ 1020 by 2005, then return back to the launch value of
n~1000 by 2007, and subsequently decline to #~0900 by 2009 and further to
7n~0800 by 2011.

6. EXT and local time of observation

When using the EXT as a proxy for the LT of satellite sensor observation, two
factors should be considered. First, the LT changes systematically with latitude, due
to the Earth rotation and orbit inclination, even for nadir views. Simple geometrical
considerations suggest that the local pass time at a latitude ¢, 14, (h), is represented
for the ascending and descending branches as

arcsin (ta“(“’)) arcsin (ta“(“’))

17A(0:;7A0+ 175mn(1)’ ’7D(0:;7D0_ 1—5:311(1) (3)
respectively where i is the orbital inclination which also changes systematically over
the lifetime of a platform. For NOAA platforms, a representative number of
i~99.0°+0.4 can be used. Note that tan(i) <0, and therefore on an ascending pass,
Hap <Nao (N4ap>140) to the north (south) of the Equator, whereas on a descending
pass, Np,>MNpo (Npy<Mpo). In particular, the min/max latitude can be estimated
from equation(3) as a point at which y4,=np, Recalling n4,=#p,+12, one
obtains @max/@min= £ (180°-i)~ £81°. This latitude is reached six hours from both
N4o and np,, 1.e. exactly between the two EXTs.

Equation (3) can be used for a non-scanning radiometer onboard NOAA such
as the SBUV instrument. Other radiometers onboard NOAA platforms (AVHRR,
HIRS, MSU and SSU) scan cross-track, and therefore may ‘look’ more than a
thousand kilometres off nadir. Calculation of the local observation time from these
sensors requires additional correction for the scan effect.

7. Conclusion

The systematic changes of the local observation time during the life cycle of a
platform, and between different platforms, are significant and should be accounted
for when using multi-year time series of satellite products in long-term monitoring/
climate analyses. The current paper systemizes the available information on the
EXT for the sun-synchronous weather and climate platforms, and represents it
succinctly with simple analytical formulae to facilitate calculation of the past EXTs
for the NOAA platforms, and prediction of their future evolution. One observation
which clearly emerges from our analyses is that the term ‘orbital degradation’
commonly used in literature on NOAA satellites should be avoided, and a more
appropriate term such as ‘orbital evolution’ should be used instead.
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