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Time

Astronomers have always been concerned with

time and its measurement. If you read any

astronomical text on the subject you are sure to

be bewildered by the seemingly endless range of

times and their definitions. There’s universal

time and Greenwich mean time, apparent

sidereal time and mean sidereal time, ephemeris

time, local time, mean solar time and atomic

time, to name but a few. Then there’s the

sidereal year, the tropical year, the Besselian

year and the anomalistic year. And be quite

clear about the distinction between the Julian

and Gregorian calendars! (See the Glossary for

the definitions of these terms.)

All these terms are necessary and have precise

definitions. Happily, however, we need concern

ourselves with but a few of them as the

distinctions between many of them become

apparent only when very high accuracy is

required.
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2 Time

1 Calendars

A calendar helps us to keep track of time by dividing the year into months, weeks and days. Very roughly

speaking, one month is the time taken by the Moon to complete one circuit of its orbit around the Earth,

during which time it displays four phases, or quarters, of one week each, and a year is the time taken for the

Earth to complete one circuit of its orbit around the Sun. In the Gregorian calendar, generally adopted in the

West, we assume the convention that there are seven days in each week, between 28 and 31 in each month

(see Table 1) and 12 months in each year. (Note that there are many other calendars, such as the Chinese

calendar, with different definitions or rules.) By knowing the day number, and the name of the month, we

are able to refer precisely to any day of the year.

January 31 July 31
February 28 (or 29 in a leap year) August 31
March 31 September 30
April 30 October 31
May 31 November 30
June 30 December 31

Table 1. The number of days in each month.

The problem with this method of accounting for the days in the year lies in the fact that, whereas there is

always a whole number of days in the civil year, the Earth actually takes about 365.2422 days to complete

one circuit of its orbit around the Sun. (This is the tropical year; see the Glossary for its definition.) If we

were to take no notice of this fact and adopt 365 days for every year, then the Earth would get progressively

more out of step with the civil calendar at a rate of 0.2422 days per year. After 100 years the discrepancy

would be about 24 days; after 1500 years the seasons would have been reversed so that summer in the

northern hemisphere would be in December. Clearly, this system would have great disadvantages.

Julius Caesar made an attempt to put matters right by adopting the convention that three consecutive years

have 365 days followed by a leap year of 366 days, the extra day being added to February whenever the

year number is divisible by four. On average, his civil year has 365.25 days in it, a better approximation to

the tropical year of 365.2422 days. Indeed, after 100 years the discrepancy is less than one day. This is the

Julian calendar and it worked very well for many centuries until, by 1582, there was again an appreciable

discrepancy between the seasons and the calendar date. Pope Gregory XIII (1502–1585) then improved

on the system by abolishing the days 5 October to 14 October 1582 inclusive so as to bring the civil and

tropical years back into line, and by missing out three days every four centuries. In his reformed calendar,

the years ending in two zeroes (e.g. 1700, 1800, 1900 etc.) are only leap years if they are also exactly

divisible by 400. Thus the year 2000 was a leap year, whereas 1700, 1800 and 1900 were not.

This system is called the Gregorian calendar and is the one in most general use today. According to it

400 civil years contain (400×365)+100−3 = 146097 days, so that the average length of the civil year is

146 097/400 = 365.2425 days, a very good approximation indeed to the length of the tropical year. In fact,

this calendar will not get out of step with the tropical year for many thousands of years!
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The date of Easter 3

2 The date of Easter

Easter Day, which always occurs on a Sunday, is the day to which such moveable feasts as Whitsun and

Trinity Sunday in the Christian calendar are fixed, and is defined in The Explanatory Supplement to the

Astronomical Almanac (1992) as follows:

In the Gregorian calendar, the date of Easter is defined to occur on the Sunday following the ecclesiastical full moon

that falls on or next after March 21st.

The problem is that the ecclesiastical full Moon is not the same as the astronomical full Moon. The former

is based on a set of tables which do not take into account the complexity of the Moon’s motion. As a fair

guide, we may say that Easter Day is usually the first Sunday after the fourteenth day after the first new

Moon after 21 March. Several authors have provided algorithms for calculating the date of Easter. You

can, for example, use the methods and tables given in the Book of Common Prayer (1662) or that given in

the Explanatory Supplement. Here we describe a method devised in 1876 which first appeared in Butcher’s

Ecclesiastical Calendar, and which is valid for all years from 1583 onwards. It makes repeated use of

the result of dividing one number by another number, the integer part being treated separately from the

remainder. A calculator displays the result of a division as a string of numbers either side of a decimal

point. The numbers appearing before (i.e. to the left of) the decimal point constitute the integer part; the

decimal point and the numbers after (i.e. to the right of) the decimal point constitute the fractional part. The

remainder may be found from the latter (including the leading decimal point) by multiplying it by the divisor

(i.e. the number that you divided by) and rounding the result to the nearest integer value. For example,

2000/19 = 105.2631579. The integer part is 105, and the fractional part is 0.2631579. Multiplying the

latter by 19 gives 5.000000100 so the remainder is 5.

We shall illustrate the method by calculating the date of Easter Day in the year 2009. This will give us

practice for the sort of calculation we will be carrying out in the rest of this book.
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4 Time

Method Example

Integer part Remainder

1. Divide the year by 19. a 2009
19 = 105.7368421

a = 14

2. Divide the year by 100. b c 2009
100 = 20.090000

b = 20
c = 9

3. Divide b by 4. d e d = 5
e = 0

4. Divide (b+8) by 25. f f = 1
5. Divide (b− f +1) by 3. g g = 6

6. Divide† (19a+b−d −g+15) by 30. h (19a+b−d −g+15) = 290
h = 20

7. Divide c by 4. i k i = 2
k = 1

8. Divide (32+2e+2i−h− k) by 7. l l = 1
9. Divide (a+11h+22l) by 451. m (a+11h+22l) = 256

m = 0
10. Divide (h+ l −7m+114) by 31. n p (h+ l −7m+114) = 135

n = 4
p = 11

11. The day of the month on which Easter
Day falls is p+1.

p+1 = 12

The month number is n (=3 for March,
=4 for April).

n = 4, so April

Therefore Easter Day 2009 is 12 April

†19a means 19 multiplied by a (19×14 = 266 in this example).

The spreadsheet for this calculation, called DOE (the acronym for Date Of Easter), is shown in Figure 1.

It makes repeated use of two spreadsheet functions, TRUNC and MOD. (These are all examples of built-in,

or intrinsic, spreadsheet functions; we will make use of many of the useful ones throughout this book.)

The former truncates the number at the decimal point, so gives you the integer part of the number. Thus

TRUNC(23.445) is 23. In cell C8 of the spreadsheet, the formula =TRUNC(C3/100) takes the number from

cell C3 (2009 in this case), divides it by 100, and returns the integer part of the result (20).

The MOD function has two arguments separated by a comma. (An argument is a number or a reference

within the brackets immediately following the function name. Two or more arguments are separated by

commas.‡) The first argument is divided by the second argument, and then the remainder of the result is

returned. Thus MOD(13,5) is 3 since 5 goes into 13 twice (2×5 = 10) leaving a remainder of 3 (i.e. 13−10).

In cell C7 of the spreadsheet, the formula =MOD(C3,19) takes the number from cell C3 (2009 in this case),

divides it by 19, and returns the remainder (14).

We have used the spreadsheet function IF in cell H4 to replace the month number, 3 or 4, with its name

equivalent, ‘March’ or ‘April’. The IF function takes three arguments. The first is the test argument, which

can be ‘true’ or ‘false’. In this case, the test argument is C22=3, i.e. if the number in cell C22 is equal to

3 the result of the test is ‘true’, and if not it is ‘false’. In this case, the number in cell C22 is 4 so the test

returns ‘false’. The IF function returns the second argument (March in this case) if the test returns ‘true’, or

the third argument (April in this case) if the test returns ‘false’, as here.

‡Some spreadsheet programs use different separators; check yours.
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The date of Easter 5

Figure 1. Calculating the date of Easter Day 2009.

You can put any year after 1582 you like into cell C3 of the spreadsheet in place of 2009 and the date of

Easter Day for that year will be calculated for you automatically. Try 2012. The answer should be 8 April.
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6 Time

3 Converting the date to the day number

In many astronomical calculations, we need to know the number of days in the year up to a particular date.

We shall choose our starting point as 0 hours on 0 January, equivalent to the midnight between 30 and 31

December of the previous year. This might seem to be a peculiar choice, but you will see that it simplifies

our calculations so is a good one to make. Midday on 3 January can then be expressed as January 3.5 since

precisely three and a half days have elapsed since January 0.0. This is illustrated in Figure 2. Finding the

day number from the date is then a simple matter. Proceed as follows:

1. For every month up to, but not including, the month in question add the appropriate number of days

according to Table 1. These totals are listed in Table 2.

2. Add the day of the month.

For example, what is the day number of 19 June (not a leap year)? The answer is day number = 151+19 =

170. If you own a programmable calculator, you may be able to use Routine R1 (at the end of this section)

to write a program to make this calculation automatically. We can also use the method of the section on

Julian day numbers (Section 4) as an alternative.

Later in this book we adopt the date 2010 January 0.0 as the starting point, or starting epoch, from

which to calculate orbital positions. Days elapsed since this epoch at the beginning of each year

(January 0.0) from 1990 to 2029 are tabulated in Table 3. To find the total number of days elapsed since

the epoch, simply add the number of days elapsed to the beginning of the year since the epoch (Table 3) to

the number of days elapsed since January 0.0 of the year in question (i.e. the result of the calculation of the

previous paragraph). For example, the number of days elapsed since the epoch at 6 pm on 19 June 2009 is

−365 + 170 + 0.75 = −194.25. The negative sign indicates that the epoch is after this date. The fraction

of the day to 6 pm is (18/24) = 0.75 since 6 pm is 18 h on a 24-hour clock, and there are 24 hours in the

day.

Figure 2. Defining the epoch.
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Converting the date to the day number 7

Ordinary year Leap year

January 0 0
February 31 31
March 59 60
April 90 91
May 120 121
June 151 152
July 181 182
August 212 213
September 243 244
October 273 274
November 304 305
December 334 335

Table 2. The number of days to the beginning of the month.

1990 −7305 ∗2000 −3653 2010 0 ∗2020 3652
1991 −6940 2001 −3287 2011 365 2021 4018

∗1992 −6575 2002 −2922 ∗2012 730 2022 4383
1993 −6209 2003 −2557 2013 1096 2023 4748
1994 −5844 ∗2004 −2192 2014 1461 ∗2024 5113
1995 −5479 2005 −1826 2015 1826 2025 5479

∗1996 −5114 2006 −1461 ∗2016 2191 2026 5844
1997 −4748 2007 −1096 2017 2557 2027 6209
1998 −4383 ∗2008 −731 2018 2922 ∗2028 6574
1999 −4018 2009 −365 2019 3287 2029 6940

∗Denotes a leap year.

Table 3. The number of days to the beginning of the year since the epoch 2010 January 0.0.
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8 Time

Routine R1: Converting the date to the day number.

1. Key in the month number (e.g. 11 for November).

2. Is it greater than 2?

• If yes, go to step 8.

• If no, proceed with step 3.

3. Subtract 1 from the month number.

4. Multiply by 63 in an ordinary year, or 62 in a leap year.

5. Divide by 2.

6. Take the integer part.

7. Go to step 12.

8. Add 1 to the month number.

9. Multiply by 30.6.

10. Take the integer part.

11. Subtract 63 in an ordinary year, or 62 in a leap year.

12. Add the day of the month. The result is the day number.

4 Julian dates

It is sometimes necessary to express an instant of observation as so many days and a fraction of a day after

a given fundamental epoch. Astronomers have chosen this fundamental epoch as the Greenwich mean noon

of 1 January 4713 BC, that is midday as measured on the Greenwich meridian on 1 January of that year.

(You can look up the meaning of meridian and other technical terms in the Glossary at the back of the book

starting on page 197.) The number of days that have elapsed since that time is referred to as the Julian day

number, or Julian date†. It is important to note that each new Julian day begins at 12h 00m UT, half a day

out of step with the civil day in time zone 0. (See Section 9, or the Glossary, for the precise meaning of

UT.)

The term ‘Before Christ’, or BC for short, usually refers to the chronological system of reckoning

negative years. In this system, there is no year zero. The Christian Era begins with the year 1 AD (short

for Anno Domini); the year immediately preceding this is 1 BC. Some authors have adopted different

labels for the same things by referring to the Christian Era as the Common Era instead. They retain the

same numeric values for the days, but use the label CE (Common Era) instead of AD, and BCE (Before the

Common Era) instead of BC.

For astronomical purposes, we want to count the years logically without a gap. Thus the year immediately

preceding 1 AD is designated 0; the other years BC are denoted by negative numbers, each of which has

an absolute value (i.e. the number without its minus sign) which is one less than the BC value. Thus

†Sometimes the modified Julian date, MJD, is quoted. This is equal to the Julian date minus 2400000.5; MJD zero therefore
begins at 0h on 17 November 1858.
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Julian dates 9

10 BC corresponds to the astronomical year −9, and 4713 BC corresponds to −4712. We shall adopt the

astronomical way of counting throughout this book. Where you see a BC (or BCE) year, subtract one from

it and change its sign to negative before using it in any of the calculations. Similarly, if the result of a

calculation is a negative year, remove the minus sign, add one to the year number, and append the letters

BC (or BCE) after it.

The Julian date of any day in the Julian or Gregorian calendars may be found by the method given below.

Here, and throughout the book, the expression TRUNC refers to the integer part of the number (i.e. the part

preceding the decimal point). Thus TRUNC(22.456) is 22, and TRUNC(−3.914) is −3. You will need to

look carefully in the instruction book of your calculator to see what function is offered on your machine. On

ours, this is called INT (short for integer). Note that computer languages offer several truncation functions

such as INT, FIX, FLOOR and TRUNC. These do similar things with positive numbers, but beware what

they do with negative ones. For example, INT on some machines returns the largest (most positive) integer

whose value is less than or equal to the number. In this case, INT(−3.914) is −4. Beware! You can avoid

this worry by taking INT of the absolute value of the number, and then inserting a negative sign in front of

the result for a negative number.

A further complication, but an important one, is to distinguish between the local date, i.e. the calendar

date at your location, and the corresponding Greenwich date, i.e. the calendar date on longitude 0◦ with no

daylight saving. These are often not the same. For example, if you live in Sydney, Australia, your time

may be 10 or 11 hours ahead of the time at Greenwich depending on whether daylight saving time is in

operation. If it is 03:45 in the early morning in Sydney, and the time-zone correction is +10 hours with

daylight saving adding a further hour, the corresponding time at Greenwich is 11 hours behind, i.e. 16:45

the previous day. In this case, your local calendar date and the Greenwich date differ by 1 day. We therefore

need to be precise about what we mean by the ‘date’. Look to see whether it is the Greenwich date or the

local date that is required in a given calculation.

As an example, we shall calculate the Julian date corresponding to the Greenwich calendar date of 2009

June 19.75 (i.e. 6 pm on 19 June).

Method Example

1. Set y = year, m = month and d = day. y = 2009
m = 6
d = 19.75

2. If m = 1 or 2, set y′ = y−1 and m′ = m+12; y′ = 2009
otherwise y′ = y and m′ = m. m′ = 6

3. If the date is later than 1582 October 15 A = TRUNC(2009/100)
(i.e. in the Gregorian calendar) calculate:
(a) A =TRUNC(y′/100); so A = 20
(b) B = 2−A+TRUNC(A/4). B = 2−20+TRUNC(20/4)
Otherwise B = 0. so B = −13

4. If y′ is negative calculate C =TRUNC((365.25× y′)−0.75). C = TRUNC(365.25×2009)
Otherwise, C =TRUNC(365.25× y′). so C = 733 787

5. Calculate D =TRUNC(30.6001× (m′ +1)). D = TRUNC(30.6001×7)
D = 214

6. Find JD= B+C +D+d +1720994.5. JD = 2 455 002.25
This is the Julian date.
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10 Time

The Julian date corresponding to our adopted starting epoch of 2010 January 0.0 is 2 455 196.5. We can

easily find the number of days that have elapsed since the epoch by subtracting this number from the Julian

date. Thus the number of days elapsed since the epoch to 2009 June 19.75 is 2455002.25−2455 196.5 =

−194.25, as found in the previous section.

The spreadsheet for the calculation of the Julian date is called CDJD (the acronym for Calendar Date

to Julian Date conversion) and is shown in Figure 3. We have also provided a spreadsheet function of the

same name, i.e. CDJD(GD,GM,GY), which takes three arguments GD, GM, and GY. These have exactly

the same values as the input values to the spreadsheet CDJD, and represent, respectively, the calendar day,

month and year at Greenwich. You could carry out exactly the same calculation as that shown in Figure 3

by deleting rows 7 to 16 entirely and replacing cell H3 with the formula =CDJD(C3,C4,C5). Why not try

this for yourself (but save a copy of the full spreadsheet first)?

Figure 3. Finding the Julian date corresponding to the Greenwich calendar date of 6 pm on 19 June 2009.
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