The Accuracy
of United States
Precipitation Data
Abstract
Precipitation measurements in the United States (as well as all
other countries) are adversely affected by the gauge undercatch bias
of point precipitation measurements. When these measurements are
used to obtain areal averages, particularly in mountainous terrain,
additional biases may be introduced because most stations are at
lower elevations in exposed sites.
Gauge measurements tend to be underestimates of the true
precipitation, largely because of wind-induced turbulence at the
gauge orifice and wetting losses on the internal walls of the gauge.
These are not trivial as monthly estimates of this bias often vary from
5% to 40%. Biases are larger in winter than in summer and increase
to the north in the United States due largely to the deleterious effect
of the wind on snowfall.
Simple spatial averaging of data from existing networks does not
provide an accurate evaluation of the area-mean precipitation over
mountainous terrain (e.g., over much of the western United States)
since most stations are located at low elevations. This tends to
underestimate area averages since, in mountainous terrain, precipitation generally increases with elevation.
Temporal precipitation trends for the United States, as well as
seasonal and annual averages, are presented. Estimates of unbiased (or less biased) precipitation over the northern Great Plains
provide a regional analysis.

1. Introduction
Currently, the U.S. meteorological network consists of about 8000 cooperative stations and 278 firstorder stations (located mainly at airports) that record
precipitation on at least a daily basis. Of these, hourly
totals are recorded at 241 first-order stations and
about 2600 cooperative stations. Many of these stations have been in operation for more than 100 years
and the data are routinely archived at the National
Climatic Data Center (NCDC) at Asheville, North
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Carolina. At NCDC, these data have been largely
distributed in two regular publication s e r i e s — t h e Local
Climatological Data (LCD) and the Hourly Precipitation Data (HPD) bulletins (published since 1948 and
1950, respectively)—as well as the Historical Climatology Network (HCN) (Quinlan et al. 1987; Karl et al.
1990) and the contiguous U.S. Climate Division Data
Base (CDDB) archives. Additional precipitation data
can be obtained from regional and state networks
located particularly in the western United States.
The LCD contains monthly summaries of 272 of the
278 first-order stations. Although these stations constitute a small percentage of the total number of
stations at which precipitation is measured in the
United States, they nevertheless provide the main
source of data that the National Weather Service
(NWS) transmits over the Global Telecommunication
System (GTS) of meteorological observations and are
published in the Monthly Climatic Data for the World
(Karl et al. 1993b). Precipitation gauges at many of
these stations are not shielded, but since the late
1940s, from 20% to 40% of the gauges at first-order
stations have been equipped with Alter wind shields.
This varying use of wind shields has thus introduced
an inhomogeneity into many of the precipitation time
series in the LCD (Karl et al. 1993b). This, coupled with
the fact that most first-order stations were relocated
from downtown locations to suburban airports during
the 1930s, 1940s, and 1950s, introduces potential
biases into the first-order network (and thus the LCD)
that can be problematic when these data are used for
climatological studies (Groisman 1991,1993; Legates
1992a, b).
By contrast, the HCN consists of data from 1221
cooperative and first-order stations evenly distributed
over the contiguous United States. Station selection
criteria included an availability of a relatively long
precipitation time series, a predominantly undisturbed
environment around the gauge, and limited relocations of the meteorological site based on the recommendations of state climatologists (Quinlan et al.
1987). These data have been subjected to strict quality
control procedures (Karl et al. 1990; Easterling and
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Peterson 1992) and widely used in studies of contemporary climate change (cf. Intergovernmental Panel on
Climate Change 1990, 1992; Boden et al. 1991).
Areally averaged precipitation for344 spatially quasihomogeneous climatological divisions for the contiguous United States from 1895 through 1993 are contained in the CDDB. Data from more than 6000
stations (first-order and cooperative weather stations)
are used in the averaging process. A potential homogeneity problem may be introduced, however, since

indicate that mean annual precipitation is 15% to 35%
higher than station (point) estimates, which can be
significant for long-term annual averages. Similar
results were obtained by Legates (1987) and Legates
and Willmott (1990) using objectively developed bias
estimation techniques. These differences can be
attributed to both the systematic biases associated
with point precipitation measurements and to inaccuracies associated with obtaining area averages from
point precipitation measurements over rough terrain.

Unfortunately, these problems are
not
specific to Colorado but affect
.. .the HCN and, to a lesser extent, the CDDB are likely the
precipitation
estimates to some
best available sources of historical precipitation data. The
degree for all regions of the world.
question we address here, however, is: Is the absolute
In this paper, we further examine
accuracy of these data adequate to meet the diverse needs
these two sources of inaccuracies
of scientists who use historical precipitation data? We
in areal precipitation estimates. In
particular, we will address the quesbelieve that for many applications, the answer is no.
tion of whether these subjective
estimates are reasonable in light of
more recent, objective methodolodifferent station networks were used to compute gies. A more detailed example for the northern Great
monthly averages during the period of record. Routine
Plains also is given.
publications of monthly climate summaries based on
the CDDB are widely distributed by the NCDC.
Over the contiguous United States, the HCN and, to 2. Inaccuracies in precipitation data
a lesser extent, the CDDB are likely the best available
sources of historical precipitation data. The question a. Point precipitation
measurements
we address here, however, is: Is the absolute accuTo accurately evaluate the influence of anthroporacy of these data adequate to meet the diverse needs genic modifications to the hydrologic cycle (e.g.,
of scientists who use historical precipitation data? W e changes in land use) or the impact of climate change,
believe that for many applications, the answer is no.
regional-scale fluctuations in precipitation must be
Consider, for example, estimates of long-term mean separated from the effects of local changes that
annual precipitation for Colorado obtained from the directly affect gauge measurements of precipitation.
data of the HCN and C D D B databases compared to Such discontinuities in precipitation time series may
those obtained by digitizing climatological maps pro- be induced by changes in instrumentation and recordduced by U.S. (U.S. Department of Commerce 1968)
ing practices, siting characteristics, and station locaand Russian (World Water Balance 1974) climatolo- tion (Eischeid et al. 1991).
gists (Table 1). These maps, although they have been
Changes in instrumentation may introduce a dissubjectively compiled by experienced climatologists, continuity into a precipitation time series since the
gauge measurement is affected by gauge design and
whether the gauge is equipped with a shield. Such
discontinuities were introduced in the 1940s by the
TABLE 1. Estimates of the long-term mean areally averaged annual
adoption of Alter wind shields at some U.S. stations
precipitation for Colorado from databases and maps.
primarily in the western United States (U.S. Department of Commerce 1963; Groisman 1991; Groisman
Time period
et al. 1991b).
1931-60
1891(5)-1970
Changes in the environment surrounding the gauge
may occur with time. This includes, for example,
Historical Climatology Network
385 mm
375 mm
vegetation growth and removal, construction and demoClimate Division Data Base
405 mm
380 mm
lition of buildings and fences near the gauge, and
urbanization of the local area. Since each of these
U.S. Dept. of Commerce Map (1968)
435 mm
changes affect the flow of the wind, it may influence
the gauge catch (cf. Brown and Peck 1962; Eischeid
520 mm
World Water Balance Map (1974)
—
et al. 1991). Gauge siting also is affected by stations

216

Vol. 75, No. 2, February

1994

Unauthenticated | Downloaded 01/09/23 01:25 AM UTC

that have been periodically relocated. In particular, the
movement of downtown (urban) stations to airports
and the relocation of gauges from or to the roofs of
buildings have introduced discontinuities into precipitation time series (Eischeid et al. 1991; Groisman
1991; Groisman et al. 1991 b).
In addition to inhomogeneity problems, gauge measurements are biased estimates of the true precipitation. It has long been demonstrated that the catch of
a precipitation gauge decreases with increasing wind
speed, which, in turn, increases with height (Neff
1977). A practical approach to overcome this effect is
to affix a wind shield to the gauge to reduce the
turbulence over the orifice. Most gauges in the United
States are unshielded—only about 200 stations that
record daily precipitation use Alter shields (Karl et al.
1993a) that do not entirely eliminate the wind-induced
bias (cf. Goodison 1981; Sevruk and Hamon 1984).
Systematic errors also are induced by other factors
including wetting and evaporative losses, automatic
recording techniques, and the treatment of trace precipitation as zero. Wetting losses include moisture
that adheres to the funnel during precipitation and
subsequently evaporates without being measured.
Evaporation also may occur from nonrecording storage gauges during the time between the end of
precipitation and the manual reading.
Errors also may be introduced by the mechanisms
of recording gauges. Some moisture may be lost
during the time it takes for tipping-bucket mechanisms
to "tip" and the other "bucket" to be positioned under
the funnel—particularly during high-intensity rainfall
(Parsons 1941). In addition, double tips also are
frequently encountered when a tipping bucket gauge
is out of level. To measure snowfall, some tippingbucket gauges are equipped with small, electrical
heaters that melt the falling snow and allow its measurement by the tipping bucket mechanism. This
design, however, significantly enhances both the
evaporation of melted snow and the sublimation of
newly fallen snow, which greatly increases the evaporative loss. Heated gauges therefore are not accurate for
the m e a s u r e m e n t of snowfall (cf. Metcalfe and
Goodison 1992). It is unfortunate that these gauges
have been proposed for use in the Automated Surface
Observing System (ASOS) in the United States. Frictional drag produced by the weighing mechanism of
weighing gauges and the recording pens of most
recording gauges also result in a slight decrease in the
measured precipitation. Some self-emptying designs
also inaccurately measure precipitation during the few
moments it takes to empty the gauge (Linsley et al.
1982).
Random errors may be caused by the gauge (e.g.,
leakage from or damage to the gauge), by the ob-
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server (e.g., inaccuracies in measuring and recording
procedures), or by tampering. These errors are considered to be unsystematic biases since they may
result in either an increase or a decrease in the gauge
catch (Sevruk 1979).
Since the wind field deformation affects the total
gauge c a t c h — w h i c h includes both the wetting and
evaporative losses as well as mechanically induced
e f f e c t s — a n d all other losses are additive, Legates
(1992b) modified Sevruk's (1979) general model for
precipitation correction to
Pc = k(P
n gr + A P wr + A P er + A Pmr')
+ k(P
v
;
s gs + A Pws + A Pes + A Pms),
'

(1)
'

v

where Zeis the wind deformation coefficient (usually k
> 1), Pg\s the gauge-measured precipitation]AP w , APe,
and AP m are the corrections for wetting, evaporation,
and mechanical errors, respectively; and the additional subscriptsrand sdenote the correction for liquid
(rain or drizzle) and solid (snow) precipitation. Here
splashing and random errors are ignored. To obtain an
unbiased (or less biased) estimate of the actual precipitation, each of the terms in Eq. (1) must be
estimated. The wind field deformation coefficient, k,
depends on the type of gauge and shield used,
whether the precipitation falls as rain or snow, and the
wind speed during precipitation at gauge orifice height.
Equations for estimating this coefficient have been
developed from field studies and gauge intercomparison projects. The W M O Solid Precipitation Measurement Intercomparison studies (Goodison et al. 1988,
1989, 1992), presently nearing completion, will provide more reliable equations to estimate this windinduced bias.
Wetting and evaporative losses are usually small.
The wetting loss correction depends on the gauge
design and the form and frequency of precipitation
(Sevruk 1979, 1982). Average values of the wetting
loss per precipitation event for gauges commonly
used in the United States have been determined to be
0.15 mm for snowfall and 0.03 mm for rainfall (cf.
Sevruk 1982; Golubev et al. 1992). For the United
States, the evaporative loss from the gauge collector
is much smaller than the wetting loss and can usually
be ignored (Legates 1987; Legates and DeLiberty
1993a,b).
As a direct result of the wind-induced bias and
wetting losses, gauges in the United States exhibit an
undercatch bias between 3 % and 10% for rainfall
events (Sevruk and Hamon 1984; Golubev et al.
1992); that varies considerably but may exceed 50%
for snowfall events (Larkin 1947; Larson and Peck
1974; Goodison 1978, 1981). In northern Alaska,
additional biases of up to 400% in the measurement of
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the water equivalent of snowfall have been reported
(Black 1954). Depending on the location, the annual
precipitation bias lies between 5% and 40% (World
Water Balance 1974; Legates 1987; Legates and
Willmott 1990).
To assess the magnitude of measurement biases
for the U.S. precipitation gauge network, Legates and
Deliberty (1993a,b) made an assessment of the bias
introduced by the wind and wetting losses for a
monthly time series from 1950 through 1987. With use
of precipitation data from the HCN (Karl et al. 1990)
and Eischeid et al. (1991), shelter-height air temperature from the HCN, and wind speed from the monthly
NOAA climatic summaries, the average bias in measured precipitation for the continental United States
was estimated to be 9% (Legates and DeLiberty
1993a). Spatially, annual-mean biases are greatest in
areas where snowfall is more prevalent (cf. Fig. 1).
The largest errors, sometimes exceeding 20%, are
found in high elevations, while the average error is less
than 6% over the desert Southwest and most of
Florida. In summer, mean biases between 5 % and 6 %
occur over the eastern two-thirds of the United States,
while biases are slightly smaller over coastal areas of
the southeast (Legates and DeLiberty 1993b). Biases
are slightly larger in the mountainous west. By contrast, mean biases in winter are much larger and more
spatially diverse (Legates and DeLiberty 1993b). Owing to the effect of wind on snowfall and the predominant use of unshielded gauges, biases increase with
increasing latitude. Underestimates exceeding 30%
occur in the northern Great Plains and the mountainous west, where wind speeds are high and frequent
snowfall is observed. Along the southern tier of states
and the Pacific coast, however, mean biases are less
than 8%, owing to decreased snowfall frequency.
It should be noted that maps of estimated seasonal
and annual precipitation biases (e.g., Fig. 1) can be
misleading since they give the false impression that
the biases do not vary from year to year. This is clearly
not the case as different synoptic weather patterns
may exist in different years. Legates (1992b) demonstrated that for an Alter-shielded Belfort gauge, biases
can vary widely due to slight changes in mean wind
speed and air temperature, particularly during months
in which the air temperature is near 0°C. Thus, when
precipitation time series are corrected for gaugeinduced biases, it is more appropriate to estimate and
remove these biases on a monthly or daily basis rather
than simply applying constant monthly, seasonal, or
annual corrections (cf. Legates 1992a,b).
b. Areal precipitation
estimates
It is recommended that an areally averaged mean
precipitation anomaly or percentile be computed from
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the long-term mean for a fixed reference period and
used in analyses in lieu of the actual precipitation total
(Kagan 1979; Bradley et al. 1987; Groisman et al.
1991 a). This reduces the inhomogeneity of the resulting time series. At the same time it divides the estimation process into two separate phases: evaluation of
the field of long-term mean precipitation (normals) and
the construction of time series of the areally averaged
precipitation anomalies from (or percentiles of) these
normals.
Distribution of monthly and annual precipitation
totals is usually well approximated by the two-parameter g a m m a distribution (Thorn 1970; Mooley 1973;
Shver 1976; Groisman and Easterling 1994), where
the shape parameter of this distribution is a function of
the coefficient of variation, Cv. The spatial correlation
of monthly and annual precipitation can be approximated by
/{p) = C 0 exp(p/p 0 ),

(2)

where p is distance, p 0 is the radius of correlation and
is on the order of several hundred kilometers, and CQ
usually varies between 0.5 and 0.9 1 (Gandin et al.
1976). Actually, the isotropy of the correlation field is
not perfect and isocorrelates (lines of equal correlation) expand toward the prevailing wind direction along
the tracks of the main frontal systems or along the
coastal lines (Nordo and Hjortnaes 1967; Huff and
Shipp 1969; Hendrickand Comer 1970; Groisman and
Easterling 1994).
The accuracy of area averaging of anomalies of
precipitation has been intensively studied during the
last several decades (Czelnai et al. 1963; Huff and
Changnon 1965; Huff and Shipp 1969; Huff 1979;
Kagan 1979). The mean square error, E 2 , of the linear
estimate of the areally averaged precipitation anomaly
P o v e r the region S using data (P) from n stations is
given by Kagan (1979) as
E2 - o2S - 2Z w.Q.
+ 1 1 w.w.R..
+ ZwI2SI2,'
I I
I J IJ

v

(3)
'

where o 2 is the variance of the areally averaged
precipitation over the region, w. are the weights of
averaging in the approximation of P by I w.P., Q. is the
covariance of precipitation between station / and the
areally averaged precipitation overthe region,R \s the
covariance of precipitation between station / and station j, and 8 2 is the variance of the error of precipitation
measurement at station /. If the statistical structure of

1

The term (1-C 0 )/C 0 is an estimate of the portion of the variance of
measured precipitation that is not spatially correlated. As a result, C0
characterizes both microclimatic variability and errors in precipitation
records.
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FIG. 1. Biases in the gauge-measured precipitation for the U.S. precipitation gauge network expressed as a percentage of the bias-adjusted
precipitation (from Legates and DeLiberty 1993a).

the precipitation field is known, the error can be
estimated by Eq. (3) for each set of stations inside and
in the vicinity of the region with any selection of w r
Those weights that minimize Eq. (3) are called "optimal weights" (Kagan 1979). Thiessen (1911) weights
also are often used in precipitation averaging, where
each w. is proportional to the area inside the region that
is closest to station / and I w j = 1.
The relative root-mean-square error,Z, of the mean
anomaly of the homogeneous precipitation field over
the region S t h a t is approximated by the precipitation
measured at N stations evenly distributed over the
region can be described by

Z = CL

1 - Cq + 0.23(S / A/) 1/2 p 0 ~ 1

1/2

(4)

N

where the spatial correlation function is approximated
by Eq. (2), and Cvis the coefficient of variation (Kagan
1972, 1979). If the stations are not evenly distributed
over the region, Z is increased by a factor, f, and (when
the random errors are absent or small) the influence of
the spatial inhomogeneity of station distribution over
the region S on the relative root-mean-square error of
Thiessen area averaging can be approximated by

Bulletin of the American

Meteorological

Society

Z ' = Z( 1 + 1.6s 14 ),

(5)

where e2 is the variance of the Thiessen polygon
weights (Kagan 1979). Equations (3) through (5) were
derived for precipitation anomalies and must be supported by an accurate and reliable estimate of the
long-term mean precipitation obtained from the station
network.
An examination of average monthly (or annual)
precipitation maps compiled by experienced climatologists and hydrologists gives an impression that
owing to the complexity over rough terrain, estimating
areally averaged precipitation in mountainous regions
is a very difficult task. To extrapolate and interpolate
data for ungauged regions, knowledge of both topographic relief and atmospheric circulation (to provide
the direction and amount of water vapor flow) is
essential (Peck and Brown 1962; U.S. Department of
Commerce 1968; World Water Balance 1974). However, when point precipitation measurements are simply interpolated to form area-averaged values in mountainous terrain, the results are often underestimates of
the true area-averaged precipitation due to the neglect
of elevational gradients in precipitation and the valley
locations of most meteorological stations (Groisman
and Easterling 1994). This occurs in our example for
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TABLE 2. Measured precipitation, bias-adjusted precipitation, and the gauge measurement error areally averaged for the continental United
States (from data of Legates and DeLiberty 1993a,b).

Winter

Spring

Gauge-measured precipitation (mm)

181 2

210.9

Bias-adjusted precipitation (mm)

213.0
14.9

Estimated gauge measurement error (%)

Colorado (Table 1). Simple averaging, even when an
extremely dense network is used (e.g., CDDB), yields
results that appear to be inappropriate for those hydrological applications that require a maximum accuracy of
precipitation data. This situation becomes even more
complicated because some averaging methods can
overestimate the area-mean precipitation under some
circumstances (Willmott and Legates 1991).
Physical models of orographically induced precipitation are based on the same principles used by
experienced climatologists in compiling precipitation
maps (cf. Rhea 1978; Mikhailov 1985, 1986; Barros
and Lettenmaier 1993; Daly et al. 1994). This provides
the opportunity to accomplish the process of constructing computerized maps of precipitation in the
United States using two independent steps. First,
point precipitation measurements are adjusted for
gauge-induced biases using the method described in
section 2a (Legates 1994) and metadata compiled at
NCDC (Groisman et al. 1991a; Groisman 1993).
These adjusted values then are extrapolated and
interpolated in mountainous areas (and other areas
not adequately covered by the gauge network) using
one of these physical models. As a result, an unbiased, areally averaged terrestrial precipitation dataset
can be constructed that would likely be in high demand
by a wide range of users. A project using this approach
(partly supported by the U.S. Department of Energy
and NOAA's Earth Science Data and Information
Management, and Climate and Global Change Programs) was begun at the NCDC in 1992. Some
temporary remedies that provide first and second
guesses of the problem of obtaining the unbiased
area-averaged precipitation time series are discussed
below.
A first-guess approach was proposed by Groisman
et al. (1991 a) and is applicable only to annual precipitation totals. Precipitation time series adjusted for all
known inhomogeneities are areally averaged by an
appropriate method [for example, by the Thiessen
(1911) polygon method] and are then adjusted by
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Summer

Autumn

Annual

219.4

188,6

800.1

231.7

231.6

203.4

879.7

9.0

53

73

9.0

scale factors that make the long-term areal mean
precipitation equal to the corresponding value derived
from the precipitation map of the World Water Balance
(1974). This climatology was used since Groisman et
al. (1991 a) believed that it was fairly accurate owing to
the fact that gauge biases had been estimated and
removed and mountainous terrain had been explicitly
considered. This method was systematically applied
by Groisman and Easterling (1994) to the analysis of
North American precipitation changes during the last
100 years. A summary of these results is presented in
the next section.
A second-guess approach follows a correction for
known inhomogeneities with an adjustment of point
m e a s u r e m e n t s for g a u g e - i n d u c e d biases using
metadata and the bias-adjustment procedure described
in the previous section (thus, accomplishing the first
step of the aforementioned method). These unbiased
point measurements are then area averaged over the
region under consideration. For a dense network over
level topography, this approach provides an adequate
final solution. To illustrate the advantages of this
method, it will be applied to the northern Great Plains
of the United States (where station metadata are
available) to avoid problems associated with orographic effects on precipitation.

3. Precipitation in the United States
a. Seasonal and annual averages
For a long-term annual average (1950-87), Legates
and Deliberty (1993a,b) have estimated the gaugemeasured precipitation for the continental United States
to be approximately 800 mm (cf. Table 2). However,
when biases induced by the precipitation gauge measurement process are included using Eq. (1), the
estimate of the "true" precipitation is nearly 880 m m —
a bias of approximately 9%. Seasonally, precipitation
is fairly evenly distributed with only slightly larger
values in spring (March, April, and May) and summer
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FIG. 2. Annual snowfall over part of North America during the last
40 years (from Groisman and Easterling 1994).

(June, July, and August). As previously discussed, the
gauge measurement biases are larger during winter
(December, January, and February)—nearly 1 5 % —
owing to the effects of the wind on measuring snowfall.
Gauge-measured precipitation in summer exceeds
that of winter by almost 40 mm, but when gauge biases
are taken into account, the difference decreases to
less than 20 mm due to the larger biases in winter.

Groisman et al. (1991 a) that relies on the World Water
Balance (1974) estimates of long-term annual precipitation was used. This simplistic procedure of debiasing
area-averaged annual precipitation only changes the
scale of the time series but does not affect trends. For
Canada and the eastern United States, corresponding
scale factors (multipliers) to the unadjusted areaaveraged precipitation vary from 1.05 in the southcentral United States to 1.25 in the northeastern
United States and eastern Canada. In the western
United States, however, the scale factors become
larger: 1.5 for the southwest and 1.7 for the northwest.
This demonstrates that even annual totals are not well
measured by the existing meteorological network in
the western United States. Annual snowfall time series were adjusted by Groisman and Easterling (1994)
for network elevation, using the results of Bogdanova
(1977), who demonstrated that the mean long-term
ratio of solid to total annual precipitation increases in
various mountainous areas of Eurasia and South
America with a mean rate of 27% per 1000 m.
These uncertainties in the data restricted Groisman
and Easterling (1994) to computing the spatially averaged values of annual precipitation and snowfall over
large regions. After the selection of the best network
and adjustments, reliable first-guess estimates of
snowfall and precipitation for the United States, a
century-long time series of relatively unbiased annual
precipitation over the region south of 55°N, and a 40year time series of less biased annual snowfall and
precipitation over North America were obtained. Their
analysis shows that (cf. Table 3 and Fig. 2 for snow,
Table 4 and Fig. 3 for total precipitation):
1) during the past 100 years, annual precipitation
increased in southern Canada (south of 55°N) by 13%
and in the contiguous United States by 4 % to 5%;
2) up to a 20% increase in annual precipitation

b. Trends over the last century
Numerous studies that describe the precipitation
over the United States and discuss the problems
associated with precipitation measurement have been
conducted. From the results of these studies, no
definite century-scale precipitation trends exist for the
United States. Fluctuations on decadal time scales,
however, are evident (Diaz and Quayle 1980; Klugman
1983; Vining and Griffiths 1985; Bradley et al. 1987;
Groisman and Easterling 1994; Karl et al. 1993a).
In a recent study of century- to decade-scale
changes in annual precipitation overthe United States
and Canada, Groisman and Easterling (1994) used
593 cooperative stations selected from the HCN.
These stations were selected on
the basis of their record length (beginning observations in the nineteenth century) and a minimum
number of station moves and other
inhomogeneities. To study annual
changes in snowfall overthe United
States, Groisman and Easterling
(1994) used data from the firstorder network after 1950, when
these stations had already been
relocated to airports. Simplified adjustments of each area-mean precipitation and snowfall time series
were made to decrease the influence of measurement biases on
the results of analysis. For precipiFIG. 3. Changes in areally averaged annual precipitation over the last century for the
tation, the method described by continental United States and Canada south of 55°N (from Groisman and Easterling 1994).
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TABLE 3. Characteristics of zonally averaged annual snowfall for North America from 1950 through 1990 (from Groisman and Easterling
1994).

Region

Mean and standard
deviatior i (in cm)
Mean
Std. Dev.

Lineartrend
and standard error
(in % per decade)

Scale correction
factors for
elevation

Canada,55°-70°N

195

17

5.1 ± 0 . 8

1.14

North America, 45°-55°N

260

27

-0.7 ± 1 . 4

1.19

North America, 35°-45°N

140

18

1.8 ± 1.7

1,47

occurred during the past four decades in Canada north
of 55°N;
3) between 45° and 55°N, precipitation has increased overthe last century, which is associated with
an increase in air temperature and a decrease in the
snowfall proportion of the annual total precipitation; and
4) over the past century, the main area of increase
in precipitation over North America south of 55°N
(data north of 55°N are absent for the first part of this
century) occurred in eastern Canada and adjacent
regions in the northeastern United States.
These precipitation increases over North America
found by Groisman and Easterling (1994) contribute to
the global increase in precipitation during the past
century in the high latitudes of the Northern Hemisphere that were first reported by Bradley et al. (1987).
c. A regional example: The northern Great Plains
of the United States
The northern Great Plains region of the United
States (between 41 °N and 49°N) was selected to

FIG. 4. Locations of cooperative stations from the HCN and firstorder stations for the northern Great Plains region.
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illustrate the precipitation adjustment and area-averaging procedures. This region was outlined using a
map of natural vegetation (Espenshade 1992). In this
region there are 115 cooperative stations from the
HCN and 22 first-order stations (Fig. 4).
Analysis of the unadjusted data shows that no
systematic increase or decrease in precipitation is
evident for this region over the past 100 years. The
most noticeable feature of precipitation variations on
the decadal scale is the dust bowl of the 1930s, when
the annual precipitation decreased to only 60% of the
long-term mean. The long-term mean of area-averaged, unadjusted annual precipitation from 1931 to
1960 estimated by the HCN data and the U.S. Department of Commerce (1968) map are practically equal at
435 and 440 mm, respectively. This implies that forthe
northern Great Plains, no large-scale biases related to
orographic effects exist. However, there are biases in
point precipitation measurements.
For the World Water Balance (1974), Russian
climatologists developed a set of adjustments to annual precipitation totals over the world and coupled
these adjustments with maps of unadjusted precipitation. As a result, their estimate of the actual annual
total precipitation for the U.S. northern Great Plains
(535 mm) is 20% greater than the HCN-based longterm area mean. Figure 5 shows the annual precipitation over this region obtained by the Thiessen (1911)
method of averaging using the unadjusted HCN data
(line a in Fig. 5) and the same data adjusted by a
simplified method (Groisman et al. 1991a) that relies
on the World Water Balance (1974) long-term corrections (line b). The difference between these two time
series using this simple approach is only a change in
the scale. It should be noted that the long-term corrections of the World Water Balance (1974) closely agree
with independently derived estimates obtained by
Legates (1987) and Legates and Willmott (1990).
To resolve the limitations of applying long-term
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mean corrections to monthly precipitation time series (cf. Legates
1992a,b), monthly adjustments
were made to the precipitation
data at HCN stations using the
method described by Legates
(1987) and the extended
metadata (station histories) for
these stations compiled at NCDC
( G r o i s m a n et al.
1991b;
Groisman 1993). The metadata
provided the necessary input to
determine the terms (cf. Legates
and DeLiberty 1993a,b) in Eq.
(1) for each period of constant
conditions (i.e., the same location, gauge type, height of orifice, and gauge exposure). Mean
FIG. 5. Time series of annual precipitation (Octoberthrough September) for the northern Great
monthly wind data (available only Plains of the United States using (a) an area-weighted average of gauge-measured data as well
at first-order stations) were ad- as adjustments made using (b) simple (Groisman et al. 1991 a) and (c) more comprehensive biasjusted to the standard anemom- adjusted procedures.
eter height of 10 m and interpolated to the locations of the cooperative stations using mated by Eq. (2), has a radius of correlation, p 0 , that
a spherically based interpolation procedure (Willmott varies from 340 to 680 km. The lower value of
for
et al. 1985). Gauge-specific equations and coeffi- July (0.6), as compared to the other months, reprecients were obtained from the most reliable results of sents the fact that a higher proportion of July precipilong-term field experiments (cf. Sevruk 1982; Legates tation results from local storms. Isocorrelates of an1987). Due to sparse metadata and limited wind nual precipitation for Dupree, South Dakota (Fig. 6b),
observations, adjustments are made to monthly pre- located near the center of the study region are shown.
cipitation data only since 1950. These data represent The isotropy is not perfect. Although the isocorrelates
the best estimates of the true point precipitation extend to the northwest and southeast, this does not
measurements for the northern Great Plains and are introduce large errors in the implementation of Eqs. (3)
also compared with the gauge-measured estimates in through (5) to estimate the accuracy of the area
Fig. 5 (line c).
averaging (Kagan 1979). The relative root-meanEstimates of the statistical structure of monthly and square error, Z, appears to be small (less than 7% for
annual precipitation overthe northern Great Plains are monthly and about 1% for annual precipitation totals)
shown (Table 5). The mean of the coefficient of when all 115 HCN stations are used in the area
variation, Cv, varies slightly over the region with the averaging of unbiased precipitation data over the
largest values located in the northwest and the lowest northern Great Plains.
values at the eastern portion of the region. The mean
Comparison of estimates of the mean and standard
spatial correlation function (Fig. 6a), when approxi- deviation for the time series of areally averaged annual precipitation overthe north— — — — — — — — —
ern Great Plains obtained using the gauge-measured (unTABLE 4. Characteristics of area-averaged annual precipitation over Canada south of 55°N and
the continental United States overthe last century (from Groisman and Easterling 1994).
adjusted) precipitation, as well
as estimated by adjustments
by the simplified method and
Mean and standard
Lineartrend and
the more comprehensive
deviation (in mm)
standard error
method described above (Table
(in % per century)
Region
Mean
Std. dev.
6), shows that both adjustment
methods give similar results for
Southern Canada
935
58
13.7 ± 1 . 7
the mean, although differences
Continental United States
915
71
3.9 ± 2 . 7
exist in the monthly values.
Both regions
925
55
7.6 ± 1 . 9
T h e s e a d j u s t e d v a l u e s are
within 1% of estimates of the
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theoretical estimate derived from Eqs. (4) and (5).
These small differences illustrate the agreement between considerably different adjustment methods used
over level terrain forthe correction of precipitation data
for annual time scales and regional spatial scales.

4. Summary and conclusions

FIG . 6. Spatial correlation of monthly and annual precipitation over
the northern Great Plains illustrating (a) the mean spatial correlation
function by season and (b) the spatial correlation structure of annual
precipitation totals for Dupree, South Dakota.

Standard precipitation gauges used in the U.S.
meteorological network produce underestimates of
the actual precipitation owing largely to the effect of
wind on snowfall. Over the past century, these biases
have changed due to changes in instrumentation and
measurement practices, thus introducing countrywide
inhomogeneities in precipitation time series over the
United States (cf. Karl et al. 1993a,b). Climate change
studies that do not account for these inhomogeneities
may produce misleading results. In addition, the prevalence of measurements at lower elevations in mountainous terrain necessitates further research to determine reliable estimates of snowfall changes in the
United States. Results of the northern Great Plains
analyses presented here show that areally averaged
annual precipitation is well described by both simple
and more detailed correction methods, and the accuracy of averaging (the relative root-mean-square error) for this region is about 1%.
Concerning the reliability of the U.S. precipitation
archive, we can conclude as a result of our analyses
and experience the following:
•

a n n u a l p r e c i p i t a t i o n o b t a i n e d f r o m two global
climatologies where gauge-induced biases were estimated and removed (World Water Balance 1974;
Legates 1987). This 1% precision for annual precipitation totals over the northern Great Plains also is a

TABLE 5. Parameters of the spatial statistical structure of monthly
and annual precipitation forthe northern Great Plains. The correlation
radius, p 0 , and C0 are parameters of the spatial correlation function
[Eq. (2)].

Correlation radius
(in km)

Co

Coefficient
of variation

January

340

0.85

0.6-0.9

April

470

0.95

0.5-0.8

July

575

0.60

0.6-0.9

October

680

0.90

0.8-1.0

Annual

440

0.90

0.2-0.25

224

•

•

Gauge measurement biases are not trivial and for
annual totals, these biases range from 5% to 25%
with larger biases in higher elevations and higher
latitudes. Seasonally, the bias is greater in winter
and smaller in summer owing to the increased
effect of wind on snowfall. It should be noted,
however, that these biases are not a constant and
may exhibit considerable interannual variability.
Adjustments to conventional precipitation measurements, such as those discussed here, can be used
to obtain reliable unbiased (or at least less biased)
estimates of absolute amounts of monthly precipitation totals for the U.S. observational network.
These adjustments, however, require considerable
station information (metadata) and additional meteorological information (i.e., wind and airtemperature) for their implementation.
Areal averaging over rough terrain, which is required for hydrological applications and the creation of gridded precipitation datasets, can be
accomplished using models that account for orography (not shown here). Several such models of
varying complexity exist although they have not yet
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TABLE 6. Mean and standard deviation for the areally averaged
annual precipitation of the northern Great Plains for the 1951 to 1990
(October 1950 to September 1990) time series using the unadjusted
(measured) data as well as data adjusted for gauge biases by the
simplified and more comprehensive methods (cf. Fig. 5).

Mean
(mm)

Standard
deviation (mm)

Unadjusted

453

57

Adjusted-simplified method

536

67

Adjusted-comprehensive method

535

66

Annual precipitation

been (but likely soon will be) applied to the estimation of precipitation for the entire United States.
In addition, automation of the U.S. meteorological
network will introduce several new and unresolved
problems into precipitation time series as a result of
both measurement and homogeneity concerns. For
example, a completely accurate precipitation gauge
still has not been developed and the use of heated
tipping-bucket gauges greatly exacerbates the gauge
undercatch. A possible discontinuity also is introduced
into precipitation time series when standard recording
gauges are replaced by another gauge design and/or
the measurement process is changed. The impact of
this possible discontinuity can be assessed only if a
proper intercomparison of old and new instrumentation is made. The mistakes of Switzerland and Japan
(Sevruk 1989), for example, where gauge designs
were changed without proper intercomparisons, should
not be repeated. Finally, remotely sensed precipitation estimates (by radars and satellites) require validation with precipitation gauge data across a wide range
of spatial and temporal resolutions. Areally averaged
precipitation estimates obtained from radars or satellites and calibrated using biased and inaccurate gauge
measurements having limited spatial representation
(often less than a 50-m radius for a 1-min time
average) are likely compromised. They do not eliminate the problems we have discussed here but may
add further complications. Thus, in the long run, these
remotely sensed estimates may provide misleading
results when they are used in many climatological and
hydrological applications, including climate change
studies.
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