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Abstract. Instrument networks for measuring surface air 
temperature (T) and precipitation (P)have varied consid- 
erably over the last century. Inadequate observing-station 
locations have produced incomplete, uneven, and biased 
samples of the spatial variability in climate and, in turn, 
terrestrial and global scale averages of T and P have been 
biased. New high-resolution climatologies [Legates and 
Willmort, 1990a; 1990b] are intensively sampled and inte- 
grated to illustrate the effects of these nontrivial sampling 
biases. Since station networks may not represent spatial 
climatic variability adequately, their ability to represent 
climate through time is suspect. 

Introduction 

Increasing dependence of the world economy on climate- 
influenced renewable resources (e.g., crops) has heightened 
our interests in climate, climatic 'variability and climatic 
forecasting. In recent yea•s, general circulation or global 
climate models (GCMs) have simulated dramatic climatic 
change scenarios, intensifying scientific interest as well as 
economic and social concerns among the public and gov- 
ernment. Efforts to verify or refute GCM prognostications 
have provided new impetus for climatologists to exarnine 
the instrumental record for evidence of climatic change. 
Within this paper, we focus on how well the instrumen- 
tal record represents areally averaged climate and climatic 
variability. While a number of climatic variables are mea- 
sured routinely, shelter-height air temperature and precip- 
itation are examined since they have been the most exten- 
sively sampled in both space and time. How well temper- 
ature and precipitation station networks represent spatial 
variability is of particular concern because ill-conditioned 
networks can and have injected bias into spatial averages 
of climate. 

From a climatological standpoint, the instrumental rec- 
ord is both incomplete and uneven. It is incomplete in 
that there are few variables for which there is sufficient 

large-scale spatial and temporal coverage for us to make 
confident statements about climatic variability. It is un- 
even in several respects. Spatial and temporal variability, 
for example, are better resolved for the recent past and for 
certain regions, such as North America, Europe, and In- 
dia (Figure 1). Overviews of the historical (instrumental) 
record [Ellsaesser et al., 1986] usually summarize the avail- 
able instrumental data as well as what cax• be inferred from 
those data. Such reviews have focused on how accurately 
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Fig. 1. Spatial distributions of air temperature stations 
in the NCAR surface station climatology for three se- 
lected years: (a) 1886, (b) 1920, and (c) 1970. Equal area 
Molleweide projection allows comparison of station densi- 
ties between regions. 

or precisely the instrumental record represents climate at 
the measurement (station) locations, the most commonly 
available variables, and the temporal variability that can 
be detected in the instrumental record. Documented errors 
that affect climatic data include: changes or discrepancies 
in observing practices [Mitchell, 1953; Karl eta!., 1986; 
Schaal and Dale, 1977], movement and siting of stations 
[Mitchell, 1953; Quinlan eta!., 1987], changes in the local 
environment [Mitchell, 1953; Karl and Jones, 1989; Kukla 
et al., 1986], and problems in the way that time-averages 
are constructed at the station locations [Mitchell, 1953; 
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Edwards, 1987]. Whether the available station networks 
can faithfully represent areas (particularly large areas) has 
been incompletely examined. Tacit neglect of spatial rep- 
resentativeness problems by climatologists is illustrated by 
the paucity of maps showing pertinent station networks, 
station densities, or spatial biases [Ellsaesser et al., 1986]. 

Terrestrial Air Temperature 

Of all climatic elements, mean air temperature is the 
most commonly used to characterize the overall climate. 
Although much attention has been paid to errors at in- 
dividual temperature stations, perhaps even more uncer- 
tainty lies in the uneven distribution of stations and how 
this distribution has changed through time. Data con- 
tained in the NCAR surface station climatology [Spangler 
and Jenne, 1988] commonly form the core of global temper- 
ature change research [Jones et al., 1986; Hansen and Lebe- 
deft, 1987]. While the NCAR archive was created so that 
spatial coverage was as uniform as possible, dearly both 
the number and distribution of stations change through- 
out the period of record (Figures 1 and 2). 

To examine the effects of uneven station distributions, 
the yearly NCAR. temperature station networks are eval- 
uated using a high-resolution (17,986 terrestrial stations) 
clima]tology [Legates and Willmort, 1990a]. The ability 
of each yearly N CAR temperature network to represent 
terrestrial-scale variability is evaluated by sampling from 
the high-resolution field at the NCAR station locations, in- 
terpolating to a regular grid, and numerically integrating 
to obtain a terrestrial average (Figure 2). The interpola- 
tions are made using a spherically-based, weighted-average 
algorithm [Willmort et al., 1985] that is reliable [Bussi&es 
and Hogg, 1989]. Ideally, temperatures sampled at NCAR 
station locations should produce nearly the same terres- 
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Fig. 2. Seven point Gaussian filter (solid line) applied 
to annual average terrestrial (excluding Antarctica and 
Green]and) air temperature estimates (circles) computed 

kom of 
high-resolution climatology [Legates and Willmort, 1990a]. 
Sample points were the yearly station locations in th• 
NCAR surface station climatology. Total number of NCAR 
[emperature s•a•ions also is given (dotted line). A best es- 
timate of the %rue' value of •errestrial average air temper- 
amre (using all of the stations in the climatology) is shown 
as •he horizontal dashed line. 

trial mean as that obtained from the entire high-resolution 
climatology; however, marked discrepancies occur. Early 
in the record (1880s to 1920s), when less than 500 NCAR 
stations are available, estimates of terrestrially averaged 
temperature are highly variable and differ from the 'true' 
value (the horizontal dashed line in Figure 2) by as much 
as 0.6 øC. Later in the record, the estimates appear to ap- 
proach an equilibrium value that is about 0.2 øC higher 
than the 'true' average. 

Most studies of global temperature change do not explic- 
itly address the problems of uneven spatial sampling. How- 
ever, in a study Northern Hemisphere temperature change, 
using an augmented NCAR data set, an attempt to esti- 
mate the effects of incomplete spatial coverage was made 
[Jones et al., 1986]. Instead of varying the station loca- 
tions and keeping the underlying field fixed (as we have 
done), an examination of the difference between a fixed 
grid and a time-variable grid was made, while the station 
locations and temperature data also changed through time. 
Temperature deviations from station averages, rather than 
temperature itself, also were used. Although these dif- 
ferences make direct comparison with our results difficult, 
large variability (> 0.5 øC) occurs early in the time series 
of Jones et al. [1986] as well. 

Terrestrial Precipitation 

Precipitation is probably the most extensively sampled 
climate variable. The number of raingages worldwide, 
for instance, likely exceeds 120,000 [Mintz, 1981] while 
monthly averages are available for well over 24,000 ter- 
restrial stations [Legates and Willmort, 1990b]. In spite of 
numerous observations, station location bias still produces 
marked over- or underestimates of regional (and ultimately 
global) averages of precipitation. As with air temperature 
stations, precipitation gages tend to be located near human 
settlements, with high concentrations of gages in Europe, 
North America, India, and Japan. Few gages are located 
in the deserts or mountain regions. 

Re-sampling again is used to illustrate the effects of un- 
even station networks on large-scale spattally averaged pre- 
cipitation. A high-resolution annual mean precipitation 
field [Legates and Willmort, 1990b] is uaed to represent the 
'true' spatial variability in precipitation. Numerical (spa- 
tial) integration of the annual average field can be thought 
of as the 'real' globally averaged rate of precipitation. As 
before, the ability of each yearly NCAR raingage network 
to represent terrestrial average precipitation can be exam- 
ined by sampling from the •true' field at the gage locations, 
interpolating to a regular grid [Willmort et al•, 1985] and 
then numerically integrating to obtain estimates of spa- 
tially averaged precipitation. Yearly NCAR networks again 
are of interest because they have formed the bases of sew 
eral studies of temporal variability in .spa•tially averaged 
precipitation statistics [Bradley et al., 1987; Diaz et al., 
1989]. 

Raingage networks within the NCAR archive are highly 
variable from year to year (Figure 3). Sparse station net- 
works, particularly in the late 1800's to the !ate 1920's, 
produce sizable overestimates of terrestrially averaged pre- 
cipitation (•sa,). Losses of important stations in Oceania 
during World War II lead to underestimation of Pr in the 
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Fig. 3. As in Figure 2, except the variable of interest is an- 
nual average gage-corrected precipitation (ram/year) from 
Legates and Willmort [1990b]. 

1940's. From 1950 to the present, the NCAR networks 
adequately resolve Pt, although (in part) this is due to 
offsetting regional over- and underestimates. Since these 
network-induced errors are nontrivial, they may obscure 
the identification of real climatic change within the rain- 
gage record. 

Conclusions 

Evaluation of climate and climatic change from the in- 
strumental record is subject to several biases. Problems 
associated with instrumental bias (measurement error, in- 
strument exposure changes, temporal sampling bias, ur- 
ban heating effects) have received much attention in recent 
years. Our analyses, in addition, show that the uneven spa- 
tial coverage of temperature and precipitation networks has 
introduced marked variability and bias into the large-scale 
climatic record. 
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