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Abstract. Empirical estimates of the extent to which internal inhomogeneity and variable 
length of record can influence the coefficient of correlation r and the coefficient of variation C 
are summarized. The basic data used comprise 50-year records of winter and summer hag-year 
precipitation totals for 50 stations well distributed throughout the United States. On the basis 
of an examination of double-mass plots for 37 stations, it is concluded that a 20 per cent in- 
crease imposed on the latter half of each test station's record would constitute a comparatively 
large degree of synthetic inhomogeneity for test purposes. The resulting effects on r and C 
are regarded as not being serious for most purposes. About 85 per cent of all r values computed 
from such synthetically inhomogeneous records do not depart by more than one standard 
error from the corresponding unadjusted r values, and 72 per cent of the synthetic C values 
lie within one standard error of the corresponding unadjusted C values. By computing r and C 
for record lengths varying from 10 to 50 years, the way in which r and C converge to their 50- 
year values are examined. It is concluded that at least 30-year samples are desirable in corre- 
lation and variability studies, a result in agreement with previous estimates of record lengths 
required to obtain stable estimates of mean precipitation amounts. Record lengths of 40 years 
are found to be essentially as good as 50-year series in specifying r or C. 

Introduction. In many hydrometeorological 
and climatological studies, questions concerning 
internal homogeneity and record length arise in 
the selection and treatment of precipitation 
data. Since the investigator must almost in- 
variably make some kind of compromise in his 
choice and handling of such data, he needs ref- 
erence data on likely magnitudes of error in 
making his compromises. Theory alone cannot 
provide more than a few not very useful hints. 
Hence, empirical studies are needed to estab- 
lish the magnitude of errors that may be ex- 
pected to result from the ever-present short- 
comings of actual data. In this paper empirical 
investigations carried out with reference to 
problems of estimating degree of correlation 
and variability of precipitation data are sum- 
marized. 

Effects o• inhomogeneity. The typical source 
of inhomogeneity within a given published pre- 
cipitation record is a gage-location shift great 
enough to alter the effective catch of the gage 
but not great enough to lead to an official 
change of station name. When a gage is near 
buildings, trees, or other local obstructions to 
airflow, as is frequently the case, a shift of a 

few tens of feet can alter the effective gage 
exposure in such a manner as to systematically 
raise or lower the average catch by a discern- 
ible amount. In other instances, a gage may be 
shifted from, say, one side of a city or town 
to another in a region of irregular terrain, 
thereby moving the gage across a real isohyetal 
gradient and rendering the record for that sta- 
tion inhomogeneous. The U.S. Weather Bureau 
has recently published an excellent series of 
compilations of individual station histories that 
are very helpful in anticipating the more dras- 
tic instances of the effects of such changes, but 
all too often research requirements plus paucity 
of long-term records limit the investigator's 
freedom to choose records wholly free from such 
obvious internal discontinuities. It is important 
to know, therefore, how serious an effect on 
various statistics can be produced by these 
breaks. 

The standard method for discerning inhomo- 
geneity in precipitation records is that of double- 
mass analysis, originally developed by Merriam 
and subsequently discussed by many writers 
[cf. Linsley, Kohler, and Paulbus, 1959]. To 
explain briefly the nature of double-mass analy- 
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sis we may suppose we wish to test station X's 
homogeneity with respect to annual precipita- 
tion amounts for the period 1906-1955, the 
period used here. We first compute the cumula- 
tive .sum of X's annual totals, proceeding, say, 
forward in time from 1906 toward 1955. Then, 
selecting about 10 nearby stations (distance 
preferably under 100 miles from X), we com- 
pute a similar cumulative sum of the combined 
annual totals for all 10 of these comparison sta- 
tions. Then, plotting X's cumulative sums 
against corresponding 10-station-total sums, 
year by year, we obtain a set of 50 points con- 
stituting the 'double-mass plot' for X. By laying 
a straightedge along this set of points, we see 
whether they do or do not form an essentially 
straight line. If they exhibit distinct breaks 
between subsets which themselves constitute 

straight arrays of points, we have evidence 
of inhomogeneity in X's record, the seriousness 
of which is proportional to the angularity of the 
breaks. The double-mass technique enables one 
not only to detect such breaks but also to ap- 
ply objectively an adjustment to render the 
record homogeneous. However, the practical 
question of just what constitutes a serious break 
is not definitely answered in the literature. 

In the course of an extensive study of sea- 
sonal precipitation correlation patterns for the 
entire United States, the present writers used 
double-mass methods to select base stations for 

correlation with large numbers of secondary 
stations. A qualitative finding of general hydro- 
logic interest was the following: The fraction 
of records subjected to double-mass analysis 
for which there appeared breaks as pronounced 
as those usually exhibited in textbook and other 
references on the double-mass technique was 
surprisingly small. 'Out of 37 stations, well dis- 
tributed over the United States, whose rec- 
ords were double-mass tested, the one showing 
the most pronounced break was the published 
record for Big Springs, Texas; yet this station's 
break is not large compared with the kind usu- 
ally exhibited in the literature. In Figure 1 its 
double-mass curve is displayed as a specimen of 
what might be regarded as a comparatively 
large break, on the basis of this sample of 37 
cases. The break occurred in 1940, in which 
year the responsibility for the rain gage at Big 
Springs changed from the Civil Aeronautics Ad- 
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ministration to the U.S. Weather Bureau; pre- 
sumably, the raingage was subjected to some 
change of exposure that produced a systematic 
decrease of catch. From the double-mass plot, 
the magnitude of the decrease can be shown to 
be about 25 per cent, so, again extrapolating 
from our sample of only 37 cases, we might say 
that most records will contain discontinuities 

that are not much greater than this percentage. 
A more pertinent observation is that a crude 
estimate of the modal value of double-mass 
breaks in this sample would be about 10 per 
cent. That the preceding conclusions drawn 
from a sample of 37 cases will scarcely cover 
all possibilities, especially in mountainous areas 
of strong isohyetal gradients, will be obvious; 
but even the above rough statements are be- 
lieved to be of some use to the investigator who 
encounters warnings about the indispensability 
of homogeneity tests but who finds no indi- 
cation in the standard published data of the 
order of magnitude of the breaks he must ex- 
pect to find. 

A second unexpected finding of the double- 
mass analyses concerned the degree of internal 
homogeneity in precipitation records from large 
cities in which the records are taken from gages 
at Weather Bureau city offices where complex 
series of exposure changes have often occurred 
during the growth of the city. In the search 
for homogeneous base stations, it was initially 
felt that observations taken in rural areas or 

in very small towns should be uniformly better 
than records for large cities; but experience did 
not confirm this expectation. City records as a 
whole seemed to contain no greater degree of 
inhomogeneity than did records for small towns 
and rural areas. 

Presumably the latter finding reflects the 
fact that if any structure, large or small, is 
built near a rain gage some nonhomogeneity is 
introduced into the record. The former finding 
suggests that, by and large, all such effects may 
be of somewhat smaller magnitude than has 
been implied in past warnings concerning the 
homogeneity problem. However, it remains true 
that, when in doubt, one should apply the 
double-mass test, particularly when the final 
inferences must rest upon only a small number 
of individual records. 

More useful to the investigator than the pre- 
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ceding merely qualitative remarks are quanti- 
tative measures of how large an effect inho- 
mogeneity of commonly occurring magnitudes 
can produce in those statistics frequently used 
in climatological and hydrologic studies. Two 
such statistics of basic importance are the cor- 
relation coefficient r and the coefficient of varia- 

tion C. In the remainder of this section results 

of an empirical test of effect on r and C of syn- 
thetically produced inhomogeneity will be sum- 
marized. 

Clearly, maximum distortion of any statistic 
will result from an inhomogeneity that splits 
the full record into two equal parts, since if any 
break occurs either very early or very late in 
• given record, we need not speak of that record 
as being seriously inhomogeneous. (The ques- 
tion whether a given gage provides a represen- 
tative sample of natural precipitation is also 
closely related to exposure changes, but this 
question is, of course, distinct from that con- 
cerning homogeneity.) Hence, in the present 
study, a series of actual records were subjected 
to a synthetic break at their midpoints, the 
magnitude of the break being chosen, on the 
basis of the experience cited earlier, as a 20 
per cent increase in every seasonal total during 
the latter bali of the period of record. A sam- 
ple of original and synthetic double-mass plots 
for the case of Albany, New York, is shown in 
Figure 1. All records were for the 50-year period 
1906-1955; therefore every synthetic record had 
a break at 1930 of the type illustrated for 
Albany. 

It should be emphasized that the reason one 
cannot precisely predict on any theoretical basis 
the quantitative effects of a specified synthetic 
break on statistics such as r of C (or even on 
the record mean itself) is that climatic fluctua- 
tions shuffle high and low rainfall years in non- 
random but still unpredictable fashion, so a 
discontinuity imposing, say, a uniform 20 per 
cent increase after the record midpoint may be 
increasing either the predominantly larger or 
the predominantly smaller readings of the full 
record, or it may be influencing a nearly equal 
number of high and low readings, depending on 
the exact nature of secular trends and fluctua- 

tions in the region concerned. For this reason 
there appears to be real value in the type of 
empirical test used here. The test affords a 

measure of the consequence of breaks operat- 
ing under actually occurring conditions of pre- 
cipitation fluctuation. 

A total of 50 station records were analyzed; 
but, because each record was separated into a 
'winter' half (defined as the half-year from No- 
vember through the following April) and a 
'summer' half, and because precipitation char- 
acterjstics for summer and winter half-years are 
governed by quite dissimilar circulation features, 
the study may properly be regarded as applying 
to 100 series of 50-year records of half-year 
precipitation totals. The results exhibited no 
systematic differences between the synthetic in- 
homogeneity effects on the winter versus the 
summer data, as a whole, and support the view- 
point that these two seasonal series may be 
treated as being essentially independent. 

All calculations were done on an IBM 650 

computer, the program involving parallel con- 
putations on the original data and on the syn- 
thetically adjusted data in order to permit 
evaluation of the effects of the artificial 20 per 
cent break at the midpoints. The 50 stations 
were chosen as follows. First, 10 base stations 
were selected from among the 37 stations whose 
double-mass plots had been previousIy pre- 
pared. Only stations free from breaks were used 
and, from these, 10 were chosen to secure a 
good geographic spread over the country, 
though more lay in western than in eastern 
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Fig. 1. Sample double-mass plots (annual data). 
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United States. Then, for each base station, 5 
nearby stations were chosen so that distances 
between stations were generally less than 300 
miles. The station locations are shown in Figure 
2. For each base station, the 5 winter and 5 
summer correlation coefficients were computed, 
yielding 100 correlations. The base station data 
were not subjected to the synthetic break, so 
there was no opportunity for similarity of dis- 
placements in the base station's and the second- 
ary stations' data to suppress the distorting 
effect produced by the synthetic break. The pro- 
cedure used is, in this respect, comparable to 
the problem of correlating actual data when 
one can never assume that compensatory breaks 
occur simultaneously at two or more indepen- 
dent stations within a region. 

A scatter diagram is shown (Fig. 3) of the 
values of the false or synthetic correlation co- 
efficients rt plotted against the true value r,' 
Use of the simple standard error of r as a yard- 
stick for assessing the seriousness of inhomo- 

geneity effects seems to be entirely adequate for 
present purposes, so in Figure 3 dashed lines 
have been entered for reference, one standard 
error s, above and below the rt -- r, diagonal. 
Most of the points lie below the diagonal, re- 
vealing a tendency for inhomogeneity to lower 
the degree of correlation, as should be expected. 
However, the clustering of most of the points 
close to the diagonal and generally well inside 
the dashed lines shows how slight is the effect 
of even a 20 per cent break at the midpoint if 
a precipitation record is used in correlation 
analysis. 

The corresponding plot for values of the co- 
efficient of variation is shown in Figure 4, Ct 
being the false or synthetic value and C, being 
the true value. The quantity Ct was, of course, 
computed only for the secondary station rec- 
ords, not for the base stations, since no syn- 
thetic break was imposed on any of the base 
station records that were used in calculating 
correlations. The fact that most of the points in 

Fig. 2. Map of precipitation stations. Crosses mark stations used as correlation base stations in 
parent study. Ten used here are Tucson, San Diego, Santa Fe, I-Ielena, North Platte, Abilene, Co- 
lumbus, Atlanta, Washington, and Albany. Secondary stations for western base stations are all tho• 
shown west of the solid vertical line; those for eastern base stations are east of the dashed vertical line. 
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dashed .1.i•es lie one s[andard error oœ r• above az•.d 
below' [he solid-l.•e .Joeus rt -- r•. 

Figure 4 lie slightly above the diagonal indicates 
that inhomogeneity tends in general to increase 
apparent variability, an understandable effect. 
The dashed curves lie one standard error so 

above and below the diagonal Ct = Ct. One 
notes that the large values of Ct are associated 
with C t values exhibiting smaller increases due 
to inhomogeneity than do the smaller C• values. 
It is believed that this reflects the climatic 

fluctuations of the Southwest, which contributes 
most of the high C• values. Generally declining 
precipitation in the latter half of the 50-year 
period is characteristic of the Southwest, so 
application of the synthetic 20 per cent in- 
creases probably tended to cancel some of the 
total variance for these records. 

The computer was programed to calculate 
quantities Qr - (rt - r,)sr and Qo = (Ct - 
C•)/So as very simple measures of the signifi- 
cance of the inhomogeneity effects. Statistical 
purism might lead to objections about such 
simple use of s• and So as yardsticks for assessing 
the seriousness of inhomogeneity effects, but 
the writers feel that greater refinements are not 
in order here. The present objectives of display- 
ing empirical indicators of effects of inhomo- 
geneity seem to be quite sufficiently served by 
use of Q• and Qo as defined. Frequency-distribu- 
tion data for Q, and Qo are given in Table 1. 
Eighty-five per cent of the values of rt lie within 

one standard error of their corresponding rt 
values, and 72 per cent of the values of Ct lie 
within one standard error of C•. (The data from 
which Table 1 is drawn showed only 2 and 5 
per cent of all cases for which the absolute 
magnitudes of Q• and Qo, respectively, exceed 2, 
roughly the 0.05 level of significance for the de- 
parture from a zero difference.) These Q values 
confirm what is graphically evident in Figures 
2 and 3: a 20 per cent midpoint break in a 
precipitation record does not impose extremely 
serious distortion on either the coefficient of cor- 

relation or the coefficient of variation, particu- 
larly for those applications in which r and C 
are employed only as descriptive statistics. If 
either of these statistics is used in some predic- 
tive capacity, the investigator must decide in 
each individual context whether inhomogeneity 
is likely to introduce serious bias. It is hoped 
that, in making such decisions, the above data 
will prove useful as empirical indicators of the 
magnitude of errors that might actually be 
encountered. 

EfIects o] record lenqth. The problem of se- 
lecting record lengths adequate for specifying 
climatological 'normals' has received attention 
by a number of workers. Landsberq and Jacobs 
[1951] presented a table of record lengths 
needed to obtain a stable frequency distribution 
for five different climatic elements and four 

.4 

Fig. 4. Scalier diagram of C t against C,. The 
dashed lines lie one s[andard error of C• above 
and below [he solid-line locus Ct -- C•. 
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TABLE 1. Percentage Frequencies 
of Q r and Q c 

Per cent 

Qr 
Per cent 

Qc 

Q, or Q• 

•--1.1 --0.6 --0.1 •0.1 

to to to I to[ 

--1.0 --0.5 0.4 10.91 
I i 23 40 17 [ 5 [ 3 

5 28 23 I 16 I 28 

types of climatic regions. For precipitation 
amounts, record lengths of up to 50 years are 
suggested (for the least favorable case of moun- 
tainous regions), though these writers did not 
precisely define their meaning of 'stable distri- 
bution.' Lenhard and Baum [1954] discussed 
the same problem with respect to temperature 
normals, and Beaumont [1957] and Enger 
[1959] recently treated the related question of 
optimum record length for predicting precipita- 
tion, runoff, or temperature values for I year in 
the future, and found that records extending 
back only 15 to 20 years prove generally most 
effective in this 1-year-hence prediction prob- 
lem. 

Here we will examine the rate at which sam- 

ple estimates of r and C for precipitation data 
converge to their 50-year values as we increase 
the number of years n of record length used in 
computing the estimates. Lengths of n -- 10, 
20, 30, and 40 years were used, the record 
length being extended backward in time in 
jumps of I decade beginning with the 1955 date 
that terminated all records of precipitation used 
in the present study. The computing program 
was arranged to yield ratios, Q• and Q•, of dif- 
ferences between the n-year minus the 50-year 
value of r and C of the standard error of • and 

C, respectively, very much as was done above in 
connection with the inhomogeneity data. The 
same set of data used in the inhomogeneity 
analysis was employed here, again yielding 100 
essentially independent time series for analysis. 

Table 2 presents the results in terms of the 
percentage frequency distributions of values of 
Q• and Q• for the four n-values examined. It 
will be seen that 10-year records are entirely 
unsatisfactory in estimating the 50-year values 

of r and C, 71 per cent of all the 100 estimates 
being more than a standard error away from the 
50-year value in the case of both r and C for 
n -- 10. Also 20-year records are unacceptable 
because 39 per cent and 48 per cent of the val- 
ues of Q, and Q•, respectively, lie more than a 
standard error away for n -- 20. 'One might say 
that 30-year samples are marginally acceptable, 
since 39 per cent of all r estimates and 26 per 
cent of all C estimates are then beyond a stand- 
ard error away from their corresponding 50- 
year values. There are no Q• values exceeding 2 
in absolute magnitude for n ---- 30, and only 5 
per cent of all Qr values for n - 30 exceed 2 
in absolute magnitude. The 40-year values prove 
to be entirely adequate estimators of 50-year r 
and C values, only 8 per cent of all cases miss- 
ing by as much as one standard error for each 
of the two statistics. 

It may be concluded that, whereas record 
lengths of less than 30 years are rather unsatis- 
factory, values of r and C derived from record 
lengths of 40 years or more are in such good 
agreement with those based on 50-year values 
that further increases in record length will 
probably not materially improve the estimate 
of the degree of long-term correlation or of 
variability. In this, the present results for r and 
C are in good accord with the record lengths 
suggested by Landsberg and Jacobs for specify- 
ing stable averages. 

To use, as in the above, a 50-year sample as 
a fiducial standard is, of course, a rather arbi- 
trary step. If an investigator's criterion for op- 
timal record length is in any sense similar to 
the predictive criterion employed by Beaumont 
or Enger, then some test of the least-squares 
type that they used becomes more appropriate 
than the simple convergence criterion employed 
here. The criterion used here is chiefly relevant 
to studies in which one is interested in histori- 

cally descriptive statistics pertaining to degree 
of correlation or to relative variability of precip- 
itation data. 

Summary. A double-mass study of 37 precip- 
itation records for stations well distributed over 

the United States revealed an unanticipated 
tendency for precipitation records taken in large 
cities to be about as homogeneous as those for 
rural areas and small towns. The study further 
indicated that internal breaks as large as those 
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TABLE 2. Percentage Frequencies of Qr and Qc 
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Qr or Qc 

Years -0.6 -0.1 0.0 0.5 
of • - 1.1 to to to to 

Record - 1.0 -0.5 0.4 0.9 

Per cent Qr 
10 39 8 7 4 10 32 
20 29 7 18 12 15 19 
30 15 17 17 25 15 11 
40 3 8 37 32 15 5 

Per cent Q• 
10 52 7 8 5 9 19 
20 26 15 16 15 15 13 
30 16 12 20 18 21 13 
40 8 5 33 25 29 0 

offered as type cases in the literature on double- 
mass analysis are probably rather rare, at least 
in data pertaining to nonmountainous regions. 
The greatest observed break amounted to a 25 
per cent change in rain gage catch. A very 
rough estimate puts the modal break at about 
10 per cent for the sample of 37 cases examined. 

Using 50 stations' 50-year records of winter- 
and summer-half-year precipitation totals, an 
empirical test of effects of inhomogeneity was 
carried out. Each of the 100 seasonal records 

was used in originally published form to com- 
pute measures of both correlation and relative 
variability, and the computations were then re- 
peated for the data in an adjusted form in 
which a synthetic, positive 20 per cent break 
was imposed on the latter half of each record. 
Correlation coefficients tended to be lowered 

and coefficients of variation to be raised by the 
inhomogeneity, but by amounts that would, for 
most climatological or hydrometeorological pur- 
poses, be regarded as rather unimportant as 
measured against the associated standard errors 
of r and C. 

From examination of the rate of improvement 
in the agreement between n-year and 50-year 
estimates of coefficients of correlation and vari- 

ation, as n was increased in 10-year steps from 
10 to 40, it was concluded that acceptable esti- 

mates of the 50-year values are not obtained 
until n is greater than 30 years, with 40-year 
samples giving very good estimates, a result 
that is similar to previous estimates of record 
lengths required to obtain stable arithmetic 
means for precipitation amounts. 
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