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I, INTRODUCTION 

A FORTRAN IV computer program (WATBUG) is presented in order that it 
may aid in the calculation of climatic water budgets. The program is designed 
to be used for a variety of problems while requiring a minimum amount of input 
information, At the same time, every attempt has been made to make the code 
transpatent and, as a result, it should be easy to modify when additional or 
a l.ternad.ve computat.ions are desired. Many of the restrictions of past 
p rogra,as (e, g., Stone, et al., 1971) have been removed and the algorithm ca .. 1 

ealculate~ for example daily and/or monthly water budgets. Although the main 
purpose o£ this report :Ls to describe the program, the significance and back
groun.d of water budget analysis should~ at least, be mentioned. 

The far-reaching importance and his tory of water balance climatology 
is underscored by an extensive literature as ~.'ell as by the dedication of 
ret~earchers who have repeatedly performed arduous hand calculations in order 
to obtain those all-important estimates of evapotranspiration, soil moisture 
storage, runoff and deficit. A recent survey of the applications of the water 
budget in physical geography, for instance, indicates that, in addition to a 
rich history, its use is ongoing, if not expanding, in a variety of fields 
ranging from geomorphology to agriculture (Carter, et aL, 1973). Even more 
recently, a detailed discussion of the nature and variety of techniques, as well 
as their uses in modern environmental analysis, has been compiled by Mather 
(1978). After reading through these, or any number of other papers, it seems 
clear that (1) the water budget has been and will continue to be a particularly 
important theme in climatology and (2) its betterment is a highly rewarding 
research endeavor, 

Thornthwaite's (1948) approach to the water budget has often been 
singled out for criticism because (1) it is empirically based and, (2) it has 
been highly successful (Lee, 1978; Terjung, 1976). Although I strongly 
support arguments for more rigorous and/or systematic research in climatology, 
it can be said that many of the critics of empirical water budgets have mis
interpreted the purpose and utility of regression-.. broadly defined. Researchers 
may correctly use morphological links and/ or regression when (1) the data. 
nece S;3ary for more rigorous analyses are lacking or not "realistically" 
obtainable and/or (2) the physical-biotic mechanisms that produce the desired 
answer are either well-known, unknown or unimportant. This is acceptable 
science, as most beg.inning texts in the sciences indicate. Lee (1978:135), 
howeve.r, believes "There is no adequate method of predicting evapotranspiration 
rates in the biosphere based on simple weather-element data." We may quibble 
about what constitutes "adequate" or problems of scale, but it is undeniable 
that empirically-based water budgets have been very successful at satisfying 
the only criterion on which they should be judged--accuracy (McGuinness and 
Bordne, 1972), The only real problem with such procedures is that they can 
n£oo1 11 an unsuspecting student or researcher into believing that they "explain" 
environmental processes or that they work equally well in all environments. 
These methods ~vere never in tended to be used for explanatory purposes and, as 
Thorn thwaite ( 1961) would argue, they are merely temporary and useful only 
where they provide an answer where none better is available. 

l 
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Until "better" methods and data are avai1icb1c:,, it if:: h<)psd th<'ct ""~ 
program. ;..Jill contribute to the already extensive J i teratu:te by le5l~H:cnir·~ t·'"'~' 
laborious computations which have been traditionally assoc.:iated ~;tth the 
climatic water budget. 

C'!!£a.bili ties and Res trict:tor;E.~ 

Progre,m HATBUG c:urtently reltes oo the Thm:n.th"J.::d .. t.!:c (lt;,£;8) m~tht.>~"' 
of c:o;1cc.cla.ting potential evapctr::lnsp:tration (l"P£'1 a1tl"'ccush ;'tii' ,.;•_1~)Z'Gt~·:~:;,~.z

where chose estimates are made can be easily ~:eplaced by w.otLe:r~ ii das:ii.l.tl:"c•• 
If the reader would like to see a comparison of techniques~ ::t t i~ !Hlg&est-ad 
that McGuinness and Bordne (1972) c.1r Mather (1.978) be ct·nauL::e;d, W'A'TBUG J:i,""~" 
the following advantages over most p:t·eviously published watei' budget p&o:.'ig~aJtll>ES 
(e.g,, see Stone, et al.~ 1971): 

L Budgets can be computed on a monthly or daily basis, 

2. The program can .iterate over perlods of record up to 40 yea.t'8 
for monthly budgets or up to one year for daily budgets in 
order to "balance the budget". These limits can also be 
easily raised. This procedure is similar to that normally 
done by hand to obtain the initial soil moisture value. 

3. Initial values of actual soil moisture and a station's heat 
index (see Thornthwaite and Mather, 1957) are not required as 
long as "balancing" (i tern 2 above) is performed on at least a 
year's data. 

4. Following the balancing of the soil moisture budget, budgets 
may be calculated on a day-by-day or month-by-month basis. 

5. No "look-up" tables (arrays from which values are interpolated) 
are ri.eeded as all relationships are explicitly speci.fied. This 
tends to make computations more accurate and, as a result~ 

WATBUG' s computations may not always agree w:H:h thc~e by pe:tfo,&'));:!<'-'<1 
by hand using tables which make discrete j':.tmp~ at regul.t!t' 
intervals. 

6. The program can be easily modified as logical groups of com)?t>~ 

tations have been segregated and appear as subroutines. A11'lo 9 

for ease of modification, WATBUG is ex·tensi vely commented and 
the program logic has been kept simple--even, in a few places, 
at the expense of a more computationally-efficient code. 

7. The required input is minimal, i.e., air temperature, precipi
tation and a few initial parameters. 

8. The raw air temperature and precipitation information can be in 
a variety of units as WATBUG will make the translations. At the 
same time, the format by which the climatic data appears is 
flexible because it i.s specified by the user, 
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9. Multiple budgets, i.e., on different stations and/or non
consecutive time series may be done in a single run. 

The only requirement :Ls that periods of time to be evaluated as a single 
budget should be consecutive. Because of its general nature, however, WATBUG 
does not perform a number of problem-specific computations. 

The algorithm, for example, does not derive estimates of runoff as 
such functtons are numerous and site specific. Moreover, only two soil 
moisture resistance functions (i.e., to evapotranspiration) are contained by 
WA!BUG and both are single soil layer models. A multiple soil layer model was 
considered but without detailed knowledge of the vegetation cover and soil 
characteristics such precision would be unwarranted. Such procedures may be 
added to WATBUG with little difficulty by anyone familiar with simple 
programming and the water budget. These omissions notwithstanding, the 
program should aid both researchers and students in the computation of 
climatic water budgets. 

Evaluation of the Program 

WATBUG was tested on a variety of multi-annual monthly and daily data 
sets and all of the program's options were tried. One such monthly budget was 
plotted and is presented in figure 1. The results of each run were compared 
to hand c0mputations made by J. R. Mather and WATBUG's answers were, in all 
oases, within a mm or two of the hand-computed values. The reasons for these 
slight differences are discussed elsewhere in this report. Because of the 
chance that possible problems were overlooked, users are encouraged to contact 
the author if errors are discovered. 

3 



II. PREPARATION OF INPUT 

Program WATBUG only requires three control cards (records of at 
least 72 characters) for each station and/or new time period to be evaluated. 
Card one merely contains a 72-character problem label (anything you want, i.e., 
valid FORTRAN characters) in columns 1 through 72. These columns may be left 
blank or filled at the user's discretion but this card must appear as the first 
card in a new problem. On the second card, all the required initial parameters 
must be specified. 

All information required on control card (record) two is summarized 
in table 1. Although many of the initial parameters on control card two need 
not be specified, others must. For this reason, reading table 1 carefully and 
in its entirety is prerequisite to a successful run. Computing jargon has been 
kept to a minimum so that most users who are familiar with the water budget 
can easily read table 1. Users should be somewhat careful in selecting the 
balancing period (N), because it can significantly affect the results if 
incorrect. 

Balancing can be accomplished for any portion of the entire climatic 
record beginning with the first day or month, although periods of time which 
are not multiples of complete years should not be ''balanced." If data remain 
beyond the "period of balancing," they can be budgeted on a day-by-day or month
by-month basis at the user's request, i.e., if NT is greater than N. Given a 
couple of further initial parameters (see ST(l) and HEAT in table 1) balancing 
can also be skipped if desired (N = 1), and all computations will be undertaken 
on a day-by-day or month-by-month basis. Once control card two has been 
successfully punched, the last control card (number three) can be set up. 

Control card three specifies the format by which the raw air tem
perature and precipitation data are to be read. Any standard FORTRAN format 
is acceptable although no more than two observations (one on each variable) 
may be encoded on a single data card (record). The format statement may appear 
anywhere in columns 1-72 of control card three. WATBUG first reads an air 
temperature value and then a precipitation magnitude. This sequence is 
repeated over and over again until the entire data set is read. If on each 
data card, for example, you had encoded air temperature in columns 6-10 and 
precipitation in colmnns 16-20, with the decimals punched, and each card 
represented one time period (i.e., day or month) , then the fallowing formats 
could be used: 

(5X,F5.0,5X,F5.0) 

(2(5X, FS .0)) 

(2F10.0). 

If the user is unfamiliar with FORTRAN format statements, nearly any beginning 
FORTRAN manual can be consulted. Control card three is followed by the r-aw 



Variable 
Name 

N 

NT 

KD 

KM 

KY 

FC 

SM 

Columns 

1-5 

6-10 

11-15 

16-20 

21-25 

26-30 

31-35 

5 

Table 1 

Preparation of Control Card Number Two 

Just. 1 

R 

R 

R 

R 

R 

N 

N 

Description of the Parameter and Defaults 2 

Number of months or days over which soil moisture 
balancing is to occur. If N is left blank or 
equals 1 or 0, balancing does not take place and 
ST( 1) and HEAT must be specified. 

Total number of months or days over which the water 
budget is to be calculated. NT should be greater 
than or equal toN. If it equals 0 or is left 
blank, it is set equal toN. 

Day of the month where the first calculations are 
to begin. KD should be less than or equal to the 
number of days in month KM. If left blank or zero 
in daily or day-by-day computations, it is set 
equal to the first day of the month, i.e., 1. 
When KD is left blank or set at zero and monthly 
or man th-by-month computations are being made, KD 
will be set equal to a representative day for the 
middle of month KM, i.e., 15. 

First month of calculations. KM must be between 
zero and 12. When KM is left blank or set at zero, 
it is assumed to bel, i.e., the first month of the 
year--January. 

First year of calculations. Include the last two 
digits of the year only. If KY is left blank, it 
is assumed to equal zero and the first year of 
computation will be 1900. 

Soil water holding capacity, or field capacity, 
of the top (only) soil layer in mm. FC must be 
specified. If not, it will be assumed to be zero. 

Determines which one of two resistance functions 
of soil moisture to evapotranspiration will be 
used. When SM is left blank or set at zero, the 
availability of soil moisture to evapotranspiration 
will decline linearly with the ratio of actual soil 
moisture to field capacity. Any other numeric 
designation will result in soil moisture being with
drawn at the maximum possible rate until the ratio of 
actual soil moisture to field capacity drops below 
0. 7 after which time a linear decline in availability 
is assumed (see Mather, 1974: 106, curves C and G). 



' 
Variable 
~ Columns Just. 1 

LAT 36-40 N 

DT 41-45 N 

TUNIT 46-50 N 

PUNIT 51-55 N 

ST(l) 56-60 N 

HEAT 61-65 N 

INDEX 66-70 N 

Table 1 (Continued) 

Description of the Parameter and Defaults2 

The station latitude in degrees. 

Determines whether the calculations are to be 
daily or monthly. If DT is left blank or set at 
zero, monthly or month-by-month computations are 
assumed. Any other numeric designation will 
result in daily or day-by-day budgeting. 

Indicates the units of the raw air temperature 
data in order that they may be properly translated 
into degrees Celsius. 1.0 indicates that the raw 
data are in degrees Fahrenheit. 2.0 means Kelvin 
while any other numeric designation, or leaving 
TUNIT blank, indicates degrees Celsius. 

Indicates the units of the raw precipitation data 
in order that they may be properly translated into 
mm. 1. 0 indicates that the raw data are in em, 
2. 0 means inches and 3. 0 means hundre ths of an 
inch. Leaving PUNIT blank, or giving it any other 
numeric designation, indicates mm. 

Estimated soil moisture content (mm) of the top 
(only) soil layer just prior to the beginning of 
computations. ST(l) only needs to be specified 
when balancing is not done. Othen~ise, it is 
computed during balancing. 

Estimated (Thornthwaite, 1948) heat index for the 
station. HEAT only needs to be specified vlhen 
balancing is not done. 

Should be set greater than zero when calcuations 
for a subsequent station and/or time period are to 
follow the computations to which this control card 
refers. INDEX may be left blank or set at zero 
if only a single water budget is desired. 

1"Just." refers to column justification. "R" indicates that the 
designated numerical value should be "right justified," i.e., placed as far to 
the right in the five-column field as possible. A decimal point should not be 
punched. "N" means that no justification is required, i.e., the number may 
appear anywhere in the proper five-column field; but, the decimal point should 
be punched. 

2Each parameter must either be left blank or specified by a number. 
No letters or other non-numeric characters are acceptable. 



air temperature and precipitation information; that is, your entire card data 
aet for each station and/or new time period must contain control cards one, 
two and three (in that order) followed by the raw data (see Appendix 2 for 
examples). 

When computations are daily or day-by-day and they include a leap 
year, a corrective action may be desired. If so, see the discussion at sub
routine DATE. 

7 
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III. . INTERPRETING TilE OUTPUT 

Unlike Thornthwaite and Mather (1957), WATBUG's water budget results 
are formatted with the variables across the paper (columns) and time periods 
on the vertical dimension (rows). This minor alteration was made because (1) 
most of science uses this form of a data matrix and (2) it is more efficient-
programmatically. 

The program first writes the information contained on control card 
number one which can be useful in later identifying a particular problem or 
run (see Appendix 3 for sample restilts). Following this, WATBUG writes (1) the 
number of months (or days) over which balancing is to occur, (2) the total 
number of months (or days) to be evaluated, (3) the soil moisture (or field) 
capacity (nun) and (4) the latitude (degs). Each of these numbers is labelled 
for easy identification. WATBUG then proceeds to write and label the monthly 
or daily computations. 

Monthly and daily budgets are formatted alike except that each case 
represents a month in the former and a day in the latter. The first variable 
is either the monthly designations (under the heading "MO") or the daily 
designations (labelled "DY"). In addition to the numeric time period labels-
DY or MO--the year is specified at the very beginning of a new year's 
calculations. When daily budgets are being written, monthly labels are 
similarly printed at the beginning of each new month. Reading left to right 
across the output table, the following variables (with their associated labels 
in parens) appear: 

1. air temperature (TEMP) in °C 

2. unadjusted potential evapotranspiration (LTE) in mm 

3. adjusted potential evapotranspiration (APE) in mm 

4. precipitation (PREC) in mm 

5. precipitation minus adjusted potential evapotranspiration (DIFF) 
in mm 

6. soil moisture storage (ST) in mm 

7. change in storage from the preceding day or month (DST) in rmn 

8. actual evapotranspiration (AE) in rom 

9. soil moisture deficit (DEF) in rom 

10. soil moisture surplus (SURP) in rom. 

Users should note that regardless of the units of the raw input data, the 
results are given in whole rom's. At the end of each year (and month in daily 
budgets) totals of APE, PREC, AE, DEF and SURP are given. 



Yearly totals are calculated from each January 1 (or the first case 
read for the first year) to either the end of that year (December 31) or the 
end of processing--whichever comes first. In either case, the totals are 
printed at the end of the calendar year at the bottom of the appropriate 
column. When daily or day-by-day budgets are being calculated, monthly totals 
are also calculated and written at the end of each month--in the appropriate 
columns. Again, the summing begins with the first day of the month (or first 
case read) and ends with the last day of the month or the end of processing-
whichever comes first. At the end of computations, the total number of cases 
evaluated is printed and labelled in order that the user may check to see if 
the proper number of computations have been made. 

When water budget computations are done by hand, or by programs which 
rely heavily on look-up tables, intermediate values are often rounded to whole 
numbers at each step in the computational sequence. As a result, rounding 
errors may accumulate. WATBUG, on the other hand, does not round during the 
computation of any of the budget terms thereby minimizing these errors. After 
the budget terms have been calculated, however, they are rounded to the 
nearest whole mm just prior to their being written onto paper. This was done 
(1) because accuracy beyond a whole mm is superfluous and (2) to be consistent 
with previous presentations of water budget results (Thornthwaite and Mather, 
1957). As a result, a hand check of WATBUG's results will appear to show minor 
accounting errors. If, for example, WATBUG calculated an APE of 131.6 mm, with 
an associated PREC of 58.2 mm, then the difference (DIFF) would be 

DI FF = PRE C - APE = - 7 3 • 4 • mm (1) 

The program would then print the rounded versions of these numbers. Judging 
from the output, therefore, the equation would be 

58 - 132 = -73 mm (2) 

which, according to most mathematics texts, is incorrect. Actually, however, 
the "correct" difference is closer to -73 than -74 (the answer derived by hand 
from the output values of PREC and APE). Rounding inconsistencies become even 
more apparent in monthly and yearly totals as they can accumulate. WATBUG' s 
yearly totals, for example, could easily be dissimilar to totals calculated 
by hand from the output tables by 5, 10 or more mm. The reader is again 
cautioned, however, that WATBUG's values are probably more correct than their 
hand-produced counterparts. 

Another apparent problem in interpreting the results occurs when 
daily budgets are calculated over a leap year and no corrective action is 
taken prior to running the program. Because WATBUG does not contain a leap 
year correction, users may either (1) delete February 29 from the input data 
or (2) be a bit careful in interpreting the results as the day labels will be 
one day ahead of their associated values following February 28 of a leap year. 
The former is probably the easiest corrective action, and it should have a 
minimal impact if budgets are calculated for time periods longer than a month 
or two. See the discussion of subroutine DATE if more de tails about leap year 
problems and corrections are desired. 

9 



IV. DESCRIPTION OF THE ALGORITHM 

Methods of computation contained in program WATBUG are described in 
this section. The discussion is organized by subroutine, i.e., each sub
routine is described in a separate subsection. Subroutines are presented in 
the general order that they are called by subroutine MAIN with the exception 
of the main program (figure 2). That is, the main program is described first 
followed by subroutines MAIN, DATE, MATHER, DAY, DIFF and so on. 

Relationships appear in "quasi-FURTRAN" in order that the discussion 
and the appended source program (Appendix 1) are more easily comparable. At 
the same time, the exact form of an "equation" may differ slightly from its 
appended counterpart in order that this narrative may be more easily understood 
by readers without a strong background in computing. For users not at all 
familiar with FORTRAN equations, explanations of operators and/or procedures 
peculiar to FORTRAN are provided. This section is not recommended for the 
casual user but it should be helpful to those using the algorithm for research. 

Main Program 

The main program performs no calculations but rather serves to 
(1) give initial dimensions to all arrays, (2) read the initial constants and 
semi-constants, (3) set the default options, (4) specify execution time array 
sizes, and (5) test whether or not calculations for more than a single station 
are to occur. Normally, the main program would control the sequence in which 
subroutines and functions are called; however, in this case, that task is 
relegated to subroutine MAIN. 

The reason for this structure is that the size of the arrays used by 
the subroutines can be reduced from their initialized size by setting their 
dimensions equal to an argument which is specified in the main program and 
then transferred into the appropriate subroutines. This tends to lessen 
computational time and expense. All significant arrays are dimensioned in 
this fashion as M (which equals N + 1) where N is the number of months or days 
over which soil moisture balancing is to occur. These matrices have been given 
a maximum dimension of 481 which allows for a balancing of one year for daily 
budgets or 40 years for monthly budgets. If balancing over longer periods of 
time is required the initial dimensions of 481 will have to be increased. 

Subroutine MAIN 

Once all the initial constants and semi-constants have been 
initialized or read by the main program, they are transferred into subroutine 
MAIN which controls the sequence of calculations. In addition, subroutine 
MAIN (1) reads the necessary climatic information (air temperature and 
precipitation) and their format, (2) makes the appropriate unit translations 
to degrees Celsius and mm, (3) performs summations of daily and monthly values, 
(4) formats and writes the results onto file 6 (the line printer) and (5) keeps 
track of how many days or months have been processed. Subprogram MAIN is 
divided in to four major sections. Each section controls a specific type of 



MAIN 

return 

main program 

Figure 2. 

call 
MATHER 

call 
retur DIFF 

SAL 

call 
retur EVA PO 

call 
retur I NIT 

call 
return OUTPUT 

call 
retur TOTM 

TOTY 

call 

WATBUG·s Execution 

Sequencel 

DATE 

DAY 

retur CONY 

es 

;!'subroutines ~ branching 
statements 

1. see text for descriptions of the subroutines and main program. 
2. dt refers to month or day. 



calculation sequence, i.e., monthly balancing, daily balancing, month-by-month 
calculations, or day-by-day calculations. 

When the argument DT (time period index) is equal to zero and N 
(number of time periods over which balancing is to occur) is greater than one, 
monthly balancing of the soil water regime, N time periods long, is performed 
by it~ration. (Note: N should be a multiple of 12 for monthly balancing to 
be legitimate.) These calculations begin at sequence number 167. When the 
balancing is complete and the results have been written, N is compared to NT 
(the total number of time periods over which the water budget is to be 
calculated). If NT is greater than N, subroutine MAIN transfers control to 
statement number 130 (sequence number 264) which represents the beginning of 
month-by-month calculations which are then performed on the remaining NT - N 
months. If N is not specified or is equal to one, balancing by iteration is 
skipped and month-by-month calculations are made exclusively. Following this, 
control is returned to the main program which either begins calculations for 
a new station or terminates processing. 

When DT is not equal to zero, daily calculations are assumed. If N 
is greater than one, at the same time, subroutine MAIN undertakes daily 
balancing of the soil moisture budget for a period of N days beginning at 
statement number 60 (sequence number 207). (Note: N should be a multiple of 
365 if daily balancing by iteration is specified.) Once N days have been 
balanced, N is compared with NT. When N is equal to NT control is returned to 
the main program. Otherwise, the subroutine goes to statement 190 (sequence 
number 340) in order to do day-by-day calculations for the residual NT - N 
days. If N equals one, all iteration is bypassed and calculations for NT days 
are done on a day-by-day basis beginning at statement 190. In either case, 
when a total of NT calculations have been made, control is transferred back to 
the main program. 

Regardless of which of the four types of calculations are made, the 
sequence in which other subroutines are called by subroutine MAIN is 

11 

essentially the same--with one minor exception--subroutine DATE. The sequence 
is subroutine DATE, MATHER, DAY (which is called by MATHER not MAIN), DIFF, 
BAL, EVAPO, INIT, OUTPUT, TOTM, TOTY, and CONV (figure 2). When monthly or 
daily balancing is being performed, DATE is called first, i.e., before MATHER, 
whereas when month-by-month or day-by-day calculations are made DATE is the 
last subroutine called. Each of these subroutines are described in the 
ensuing pages and, again, they are discussed in the order that they are called 
by subroutine MAIN. 

Subroutine DATE 

Subroutine DATE generates the day and month designa_tions that will 
appear on the output. The subroutine requires the number of days over which 
balancing is to occur (N), the maximum array size for climatic variables (M), 
the initial or previous day designation (KD), the initial or previous month 
designation (KM), the time period index (DT) and the array DAYS which gives 
the number of days in each month. · 
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It should be noted that no correction for leap year is made; there
fore, users ought to be careful in interpreting daily or day-by-day output 
where a calculation for February 29 has been made. In such cases, the day 
designations on the output will be a day ahead of the day to which the day's 
water budget corresponds, i.e., for days following February 28. At the same 
time, daylength calculations made by subroutine DAY will be slightly incorrect 
although the error is insignificant. When daily balancing is performed on a 
leap year, N should be incremented by one in order to account for the 366-day 
year. The alternative to suffering the above is, of course, to remove 
February 29 and accept the small error introduced by that action. Regardless 
of which way the problem is handled the water budget values will be little 
influenced. 

Depending on the type of calculations being made, DATE returns eit-her 
the designations for the next day (DY(N) and KD) or month (MON(N) and KM) or, 
if balancing is occurring, an array of daily (DY) or monthly (MON) designations 
N values long. A couple of examples should illustrate the subprogram's 
function. If, for example, DATE were called just prior to the balancing of a 
daily water budget over a year, it would most likely receive the necessary 
arguments: N = 365, M = 366, KD = 1, KM = 1 and DT = 1. It would then return 
the arrays DY a~d MON each containing 365 day and month labels, respectively. 
On the other hand, if DATE were called just after a day-by-day calculation had 
been made for December 18, for instance, it would return values of KD = 19, 
KM = 12, DY(N) = 19 and MON(N) = 12 which would be used to label the next day's 
budget values. 

When monthly calculations 
a representative day for the month. 
in obtaining a daylength correction 
When balancing ~ desired subroutine 
potential evapotranspiration. 

Subroutine MATHER 

are made the day is held constant at 15-
This value is important in that it is used 

for the month via subroutines DAY and MATHER. 
MATHER is called next in order to obtain 

Subprogram MATHER is the hub of the algorithm as it calculates daily 
or monthly potential evapotranspiration according to the well-known 
Thornthwaite (1948) methodology. Since this discussion is presented to 
describe the procedures and use of the program, the author's choice and the 
accuracy of the Thornthwaite approach will not be examined as that has been 
done many times before (e.g., see McGuinness and Bordne, 1972). Suffice it to 
say, the approach has proven to be highly accurate in deriving monthly water 
budgets while requiring only a minimum amount of input information, i.e., air 
temperature and precipitation. The Thornthwaite method is less accurate in 
deriving daily potential evapotranspiration although such calculations can be 
useful in examining general within-month trends. Individual d~ily values should 
not be considered accurate, however. The subroutine requires a number of input 
parameters. 

In particular, subroutine MATHER requires N, M, an array containing 
the air temperature data (T) in °C, the array DAYS, latitude (LAT), daylength 
(DL), as well as the day and month designations KD, KM, DT, MON and DY. When 



soil moisture balancing does not occur (i.e., N == 1), MATHER also requires <.a"l 

estimate of the station's heat index (HEAT). Using these variables, the sub
routine calculates and returns to subroutine MAIN: an array of monthly heat 
indices (H), HEAT (Note: H and HEAT are only calculated during balancing), an 
empirical coefficient (A), an array of unadjusted potential evapotranspiration 
values (PE), and finally an array of adjusted potential evapotranspiration 
values (APE). When soil moisture balancing occurs, these arrays contain N 
elimat:ic values. Otherwise, they are s:ingle climatic-valued arrays although 
it should be remembered that their actual size is N + l. Calculations begil:<c 

with the heat index "YThen balancing is to be done. 

Consistent 'itJith the Thornthwaite approach, a station 1s heat index is 
obtained from 

N 
HEAT= (12,0 I XN) t (T(l) I 5.0) ** 1.514 

1=1 
(3) 

where T(I) is the mean daily or monthly temperature and XN (XN = N) is the 
number of days or months over which balancing (if specified) is to occur. The 
double star "**" is a FORTRAN operator indicating that the quantity to the left 
of the stars is t:o be raised to the power at the right of the stars. A single 
star "*", on the other hand, is the FORTRAN operator which specifies multipli
cation. Once again, when N refers to days, it should be a multiple of 365 or, 
if che time unit is months, N should be a. multiple of 12 as HEAT is not defined 
for periods other than whole years. When computations are to be made on a 
day-by-day or month-by-month basis, HEAT cannot be correctly calculated and, 
therefore, must be supplied by the user. In such cases, the above-described 
calculation or HEAT will be circumvented. An empirically-derived exponent is 
next: defined as 

A= 6.75 I 10.0 ** 7.0 *HEAT** 3.0 

- 7,71 I 10,0 ** 5.0 *HEAT** 2,0 

+ 1.79 I 10.0 ** 2.0 *HEAT+ 0.49 , (4) 

Unadjusted potential evapotranspiration is subsequently calculated as a fun•::tlon 
of T(I) ~ HEAT, and A. Its form is 

PE(I) = 16.0 * (10.0 * T(l) I HEAT) **A • nnn (5) 

The reader should be aware that units specified as "mm" can be either mm/day 
or rom/month depending upon the mode of analysis, i.e., daily or monthly. When 
T(I) ~ 26.5, PE(I) is not estimated from the above but rather it becomes 

PE(I) = - 415.85 + 32.24 * T(I) - 0.43 * T(I) ** 2.0 mm ( 6) 

where the above relationship was developed from, and explains virtually all the 
variance in, Thornthwaite's (1948: 94) correction table. When daily computations 
are made, PE(I) is divided by 30. 
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Following this, PE(I) is adjusted for variable day and month lengths. 
That is, adjusted potential evapotranspiration (APE(l)) is calculated as 

APE(I) = PE(I) * (DAYS(KM+ 1) I 30.0) ;( (DL I 12.0) mm (7) 

where DAYS(KM + 1) is the number of days in month KM and DL is the daylength 
(hours). Daylength calculations are made by subroutine DAY (discussed next) 
while DAYS(KM + 1) is selected from the array DAYS. Again, when soil moisture 
balancing is being done the output arrays PE and APE are filled with N values. 
Otherwise, single climatic values are returned to subroutine MAIN. 

Subroutine DAY 

This subprogram estimates both the solar declination (DECD) and day
length (DL) although the former is not used again. Required input includes: 
the array DAYS, LAT, KD, KM and DT. 

Although the approach taken is quite simple, as the anomalies of time 
are not considered, the maximum error possible in length of day estimates for 
mid-latitude locations is on the order of 10 to 15 minutes. Most estimates, 
however, are only off by a few minutes, Users are again reminded that no 
correction is made for leap year. 

The first step is to calculate the number of days since January 1 
and this value is stored as "SUM." SUM is then used to get the number of days 
since the last vernal equinox (DAYL). Declination (DECD) is then calculated 
from 

DECD = 23.45 * SIN(DAYL I 365.0 * 6.2832) deg ( 8) 

which was found to be a very good approximation to more detailed calculations 
based upon Kepler's law (Vowinckel and Orvig, 1972). In FORTRAN, trigonometric 
functions of a quantity or function X are expressed, for example, as SIN(X) 
which is equivalent to sin X. Some common ones are SIN(X), COS(X), ARCOS(X) 
and ATAN(X) fo~.the tangent of X. Once DECD has been calculated and converted 
to radians (DECR), daylength can be calculated (Sellers, 1965). 

When the sun is on the horizon the cosine of the zenith angle (CZ) 
should approach zero. Here, however, it is set slightly greater than zero in 
order to adjust the solar geometric equations which refer to the center of the 
solar disc. If this modification were not made, the cosine law would predict 
sunset when one-half the disc is still above the horizon. In general, 

CZ = SIN(DECR) * SIN(ALAT) + COS(DECR) * COS(ALAT) * COS(H) (9) 

where ALAT is the latitude in radians, and H is the hour angle in radians. 
Since CZ is known at sunset and sunrise, H can be solved for by 

H = ARCOS((CZ - SIN(DECR) * SIN(ALAT))I 

(COS (DECR) * COS (ALAT))) . rad (10) 



Aft.2r His calculated, it is translated into hours, Le .• daylength (DL) 
becomes 

DL = 24.0 * H / 3.1416 . hr ( 11) 

Subroutine DAY then returns to subroutine MAIN with a value for DECD and DL. 

Subroutine DIFF 

Subroutine DlFF calculates the difference (D(l)) bet\~een adjusted 
evapotranspiration (APE(I)) and precipitation (P(I)) as well as the deficit 
(DEF(I)). The required input includes the precipitation and adjusted evapo
transpiration arrays (P and APE) as well as their dimensions (M) and looping 
limit (N). The calculation is 

D(l) = P(I) - APE(l). nun (12) 

';\hen D(I) is less than zero, DEF(I) is set equal to D(I). Otherwise. DEF(I) 
equals zero. Subprogram DIFF then returns N new values of D(I) and DEF(I) to 
subroutine MAIN. 

Subroutine BAL 

Subroutine BAL is extremely important since it (1) iteratively 
balances the soil moisture budget for N months or days and/or (2) calculates 
month-by-month or day-by-day removal or addition of soil moisture. Required 
input includes: N, M, the array of differences between precipitation and 
adjusted potential evapotranspiration (D), the soil moisture field capacity 
(FC), an index which specifies which one of two soil moisture resistance (to 
evapotranspiration) functions is to be used (SM), DT, the array DAYS and KM. 
When month-by-month or day-by-day calculations are to be made without any 
previous balancing, an initial soil moisture storage value (ST(l)) must be 
included among the input values. The subroutine then calculates, and returns 
to subprogram MAIN, an array of soil moisture storage values (ST) as well as 
arrays of soil moisture surplus (SUR) and the difference in soil moisture 
storage between present and previous months/days (DST). Calculations are made 
for N time periods and all terms are in mm per time period. BAL begins with 
a test in order to determine whether balancing is to be performed or not. 

When monthly or daily balancing is to take placE! t N will be greater 
than one, i.e., a multiple of 12 or 365, and BAL will begin its balancing 
computations by setting initial values. Conversely, if N equals one, month-by
month or day-by-day calculations are assumed and BAL will only make calculations 
for one time period each time it is called by subroutine MAIN. Although all 
the mathematical relationships are exactly the same whether balancing occurs 
or not, the balancing operations are fundamentally different; that is, 
balancing requires that soil moisture at the beginning of a balancing period 
m:Jst be equivalent to soil moisture at the end of the balancing period. In 
other words, the algorithm assumes that there will be no significant (net) 
increase or decrease in soil water over N time periods of computation. In 
order to accomplish this, a hypothetical time period (N + 1) is used. 
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On the first pass through the iteration procedures, soil moisture 
storage terms are continually adjusted until 

ABS(ST(N + 1) + DST(l) - ST(l)) < 1.0. rmn 

ABS(X) is a FORTRAN function of X equivalent to lxl. During the first 
iterations, however, DST(l) is equal to zero and so it has no impact. 
the above relationship has been satisfied once, ST(l) is re-computed, 
at statement 90 (sequence number 747), and DST(l) then becomes 

DST(l) = ST(l) - ST(N + 1) rnm 

(13) 

set of 
After 

beginning 

(14) 

which may no longer be zero. The soil moisture budget is then re-calculated 
over the N time periods until relationship (13) is again satisfied with 
DST(l) ~ 0.0. After the second set of iterations, i.e., when the soil moisture 
budget has been "balanced," subroutine BAL returns to subroutine MAIN. Whether 
or not balancing is done, the ensuing computations are made. 

Monthly calculations for the removal of soil moisture are made on an 
approximate day-by-day basis, i.e., assuming 30 days in a month. Soil moisture 
storage for each day (I) in the 30-day month is derived as 

ST(I) = ST(I- l) + D(I) * RATIO I 30.0 rrrirJ.Iday (15) 

where RATIO = ST(I - 1) I FC. RATIO is the "normal" resistance of soil 
moisture to evapotranspiration used by Thornthwaite and Mather (Mather, 1974: 
106. See curve C). Alternatively, when RATIO is greater than or equal to 0.7 
and SM (set by the user) is greater than zero, ST(I) will be obtained from 

ST(I) = ST(I - 1) + D(I) / 30.0. mml day (16) 

For a monthly or month-by-month budget the above computations for ST(I) are 
repeated 30 times. The last value of ST(I) is taken to be the new soil 
moisture for the month which is also subscripted "I". Daily or day-by-day 
computations are dissimilar in that only one computation is made for each day. 
The equations used, however, are identical to the above with the exception 
that the division by 30.0 is not made. In the event that D(I) is greater than 
zero (equation (12)), the removal steps are skipped and, beginning at statement 
50 (sequence number 722), soil moisture is incremented by 

ST(I) = ST(I - 1) + D(I). rnm 

If, as a result, ST(I) is greater than or equal to FC, surplus is first 
calculated as 

SUR(!) = ST(I) - FC mm 

(17) 

( 18) 

and then ST(I) is set equal to FC. On the other hand, SUR(I) is set at zero 
when ST(I) is less than FC. Following these, a final calculation is made for 
DST(I) such that 

DST(I) ST(I) - ST(I - 1). rnm (19) 



It ':.'d'c,;ld be noted that unreasonable values of ST(l), 1. e.$ leBS th:t>n LC, '~"''o 
.s~:t at 1, 0, while SUR(I) is set at zero ~~hen D(J) is le.ss than en: equal t.:: '~ :.::;, 
Once the above computations are made, subroutine BAL either (1) recurns to 
subprogram MAIN or (2) begins a new pass through the above relationships :ln 
order to balance the soil moisture budget. 

Sub routine EVAPO 

Subroutine EVAPO calculates the actual evapottansp.:l.Jt:',~ti.or. tiilcHi 

--,ci'~Oc:i-':ti.:ed water deficit. The input used by EVAPO includes: N, 1'1 and the 
En-rays D, APE, P, and DST. From these EVAPO generates the actual evapo-~ 
transpiration array (AE) and a defidt array (DEF). 

When D(I) is greater than or equal to zero, AE(I) is set equal ta 
AI'E(I). Otherwise, AE (I) becomes 

AE(I) = P(I) + ABS(DST(I)). mm (20) 

And last, the deficit is calculated as 

DEF(I) = APE(I) - AE(l) mm (21) 

Subroutine INIT 

Subroutine INIT merely re-sets (initializes) all the N values of any 
array (SUM) equal to zero. Its function, in this context, is to clear those 
arrays which are being used to keep track of monthly or yearly totals of APE, 
P, AE, DEF and SUR. Once an array has been initialized, INIT returns to sub·· 
routine MAIN. 

Subroutine OUTPUT 

Subprogram OUTPUT is used to fill specified elements of a single 
output array (OUT) with the values of each water budget variable. The values 
of o:n: (after a minor modification to be described in the section on sub
rolli:ine CONV) are then written onto paper. In this case~ elements 2 through 
iO of OUT are replaced with PE(L), APE(L), P(L), D(L), ST(L), l'6T(L)., AE(L}~ 
DEE'C) and SUR(L) where L can refer to either of the subscripts I or N use.d 
by subprogram MAIN. Subroutine OUTPUT then returns to subroutine MAIN. 

Subroutines TOTM and TOTY 

Subroutines TOTM and TOTY are identical in form. The former is used 
to keep a running total of APE, P, AE, DEF and SUR over the month (for daily 
or day-by-day computations only). As these values are contained in elements 
3, 4, 8, 9 and 10 of the array OUT (specified by the array IND), only OUT, IND 
and the array dimensions N and NN are required as input. 1he totals are 
~~tor0d in the array SUM. Subroutine TOTY performs an identical function on a 
yearly basis (for daily or monthly balancing and/or day-by-day or month-by
month computations). Once the appropriate elements of the array SUM have been 
incremented, these subprograms return to subroutine MAIN. At the end of a 
F'.ont.h or year, the array SUM is initialized with zeros by subroutine INI'L 
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Subroutine CONV 

Subroutine CONV rounds off (converts) values of the output array 
(OUT), all except air temperature, to the nearest whole number before writing 
them. CONV requires an array (X) of dimension NUM and it rounds those 
elements of X from element MIN through element MAX, It should be understood 
that the array X is actually the array OUT. The rounded values are not used 
in computations but they are consistent and comparable with calculations done 
from tables by hand. After the specified values of X have been rounded to the 
nearest whole number~ subroutine CONV returns to subroutine MAIN. 
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APPENDIX 1 

PROGRAM WATBUG 
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APPENDIX 2 
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APPENDIX 3 

SAMPLE OUTPUT 
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