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ABSTRACT: Winter mean 700 millibar (700 mb) height anomalies, representing the average atmos- 
pheric circulation during the snow season, were compared with annual streamflow measured at  140 
stream gauges in the western United States. Correlation analysis was used to identify relations 
between winter mean atmospheric circulation and annual streamflow, and to quantify the degree to 
which the temporal vanab~hty  in annual streamflow can be attnbuted to variations in winter mean 
atmospheric circulat~on. Results Indicate that winter mean 700 mb h e ~ g h t  anomalies account for a sta- 
tistically significant portion of the temporal variability in annual streamflow in the western United 
States. In general, above-average annual streamflo~l is associated with negative winter mean 700 mb 
height anomalies over the eastern North Pacific Ocean and/or the western United States. These anom- 
alies are indicative of anoinalous cyclonic circulation which is associated with an  anomalous flow of 
moist air from the eastern North Pacific Ocean into the western United States that increases winter pre- 
cipitation and snowpack accumulations, and subsequently streamfloxv. Below-average annual stream- 
flow is associated with positive 700 mb height anomalies over the eastern North Pacific Ocean and/or 
the western United States. These positive anomalies indicate anomalous anticyclonic circulation which 
prevents the intrusion of moist air from the eastern North Pacific Ocean into the western United States. 
increases subsidence, decreases winter precipitation, and results in decreased streamflow. Results also 
indicate that long-term trends in annual streamflo~v are  related to long-term trends in winter mean 
700 mb height anomalies. 
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INTRODUCTION 

Streamflow in many of the watersheds in the western 
United States is primarily derived from snowmelt, thus 
snowpack accumulations are useful to forecast peak 
and total annual streamflow (WMO 1970, Gray & Male 
1981). Scientists have estimated that increasing con- 
centrations of atmospheric carbon dioxide and other 
'greenhouse gases' may cause global warming and 
changes in temporal and spatial distributions of precip- 
itation (Gammon et al. 1985, Bolin 1986, Lins et al. 
1988). There is concern that global warming may 
adversely affect snowpack accumulations in the west- 
ern United States and therefore have a negative effect 
on water supply (Gleick 1987, Lettenmaier & Sheer 
1991). 

'E-mail address: gmccabe@climatel.cr.usgs.gov 

Although general circulation models (GCMs) are 
able to adequately reproduce the general temporal 
and spatial distributions of surface climate variables on 
a global scale, regional-scale climate simulations often 
vary markedly from observed values (Grotch & Mac- 
Craken 1990, Legates & Willmott 1992, Willmott & 
Legates 1993). Additionally, due to a n  inadequate rep- 
resentation of topography in most GCMs, even greater 
uncertainty is introduced into GCM estimates of sur- 
face climate (especially precipitation) in n~ountainous 
areas, including the western United States. 

Recent research suggests that GCM sinlulations of 
synoptic-scale weather patterns are more reliable than 
GCM simulations of surface climatic variables (e.g. 
temperature or precipitation) because weather pat- 
terns are of a spatial scale that is compatible with the 
spatial resolution of most GCMs (Hay et  al. 1992, 
Hewitson & Crane 1992, McCabe & Legates 1992). 
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Empirical relations between atmospheric circulation 
and surface climatic variables may be useful with 
GCM estimates of future atmospheric circulation to 
provide more reliable estimates of future surface cli- 
matic conditions (Yarnal & Leathers 1988, Hewitson & 

Crane 1993). 
Global atmospheric circulation can be described by 

negative and positive atmospheric pressure anomalies 
which have spatial dimensions of several hundreds to 
thousands of kilometers (Madden 1979, Cayan & 
Peterson 1989). It is often possible to correlate these 
anomalies with surface weather phenomena (Namias 
1975, 1981, Wallace & Gutzler 1981, Blackmon et al. 
1984, Knox & Lawford 1990). Variations in atmospheric 
circulation have been found to affect both temporal 
and spatial variations in temperature and precipitation 
(Muller & Wax 1977, Knox 1984, Knox & Lawford 1990, 
Cayan et al. 1991). For example, systematic deviations 
in atmospheric circulation over the eastern North 
Pacific Ocean and the western United States lead to 
precipitation anomalies over the western United States 
(Cayan & Peterson 1989). Some researchers have 
found that a statistically significant portion of seasonal 
precipitation variability can be expla~ned by time- 
averaged atmospheric circulation anomalies (Klein 
1963, Walsh et al. 1982, Weare & Hoeschele 1983, 
Cayan & Roads 1984, Klein & Bloom 1987, McCabe 
1994). 

McCabe & Legates (in press) identified statistically 
significant and physically meaningful relations be- 
tween winter mean 700 mb height anomalies and 
April 1 snowpack accumulations in the western United 
States. They found that April 1 snowpack accumula- 
tions measured at 97 % of 31 1 snowcourse stations ana- 
lyzed were significantly correlated with winter mean 
700 mb height anomalies at a 99% confidence level. 
Because many of the river basins in the western United 
States are dominated by snowmelt processes, winter 
mean atmospheric circulation affecting snowpack 
accumulations may be useful to estimate annual 
streamflow in the western United States. 

There have been numerous studies that have exam- 
ined the relations between atmospheric circulation and 
precipitation (Stidd 1954, Klein 1963, Klein et al. 1965, 
Cayan & Roads 1984, Klein & Bloom 1987, Knox & 
Lawford 1990, Cayan et al. 1991, Leathers et al. 1991, 
Dettinger & Cayan 1992, McCabe 1994, McCabe & 
Legates in press), but there have only been a few stud- 
ies that have examined the rel.ations between atmos- 
pheric circulation and streamflow. In the western 
United States, streamflow is possibly a more important 
hydroclimatic variable to study than is precipitation 
because ( 1 )  streamflow is usable water, and (2) stream- 
flow includes precipitation that occurs at high eleva- 
tions where little or no measurement takes place, but 

where the input of water is often the greatest (Cayan & 
Peterson 1989). Cayan & Peterson (1989) examined the 
relations between atmospheric circulation and Decem- 
ber through August streamflow at 29 stream gauging 
stations in the western United States. They identified 
significant correlations between December through 
August streamflow and winter mean sea-level pres- 
sures. Cayan & Perterson (1989) also examined the 
relations between streamflow in the western United 
States and atmospheric circulation indices, such as the 
Southern Oscillation Index (SOI) and the Pacific North 
American (PNA) index. They showed that December 
through August streamflow in the western United 
States was significantly correlated with the winter 
mean SO1 and PNA indices. Similarly, Redmond & 
Koch (1991) and Kahya & Dracup (1993) found strong 
relations between streamflow in the western United 
States and the SOI. 

The objective of this study was to identify reiations 
between winter mean atmospheric circulation and 
annual streamflow in the western United States that 
can be used with GCM simulations of future atmos- 
pheric circulation to estimate future annual streamflow 
in the western United States. 

METHODS 

Streamflow and atmospheric circulation data. 
Monthly streamflow data used in this study were mea- 
sured at 140 stream gauges in the western United 
States (Fig. 1). The data were obtained from the 
Hydro-Climatic Data Network (HCDN) published by 
the U.S. Geological Survey (Slack & Landwehr 1992). 

Fig 1. Locations of stream gauges In the western Uni.ted 
States used in this study 
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The streamflow records included in the HCDN are at the 140 stream gauges was subjected to a cluster 
from measurements made on unregulated and un- analysis to identify groups of stream gauges with inter- 
impaired rivers. Thus, the HCDN streamflows are correlated annual streamflow. The cluster analysis 
natural. The monthly streamflow data were used to used was a hierarchical average-linkage clustering 
compute total annual streamflow for water years 1948 method. The clustering was based on correlations 
through 1987 (40 yr). between time series of annual streamflow measured at 

Height anomalies of the 700 mb level (in m) were each stream gauge (additional details of the clustering 
used to represent atmospheric circulation. The 700 mb procedure are given in 'Results'). Average annual 
atmospheric pressure surface is generally about 3 km streamflow then was calculated for each cluster and 
above sea-level, and provides a good representation of these averages were compared with winter mean 
mid-tropospheric atmospheric circulation (Dettinger & 700 mb helght anomalies to identify relations between 
Cayan 1992). In addition, several studies have indi- winter mean atmospheric circulation and annual 
cated that the 700 mb level is useful in identifying rela- streamflow in the western United States. 
tions between atmospheric circulation and precipita- Stidd (1954) and Klein (1963) examined relations 
tion (Stidd 1954, Klein 1963, Klein & Bloom 1987, Knox between atmospheric circulation and precipitation by 
& Lawford 1990, Cayan et al. 1991). The 700 mb height using maps (fields) of linear correlations between pre- 
anomaly values were computed from the gridded cipitation at specific locations and gridded values of 
atmospheric pressure data produced by the National 700 mb height anon~alies. These correlation fields are 
Oceanic and Atmospheric Administration (NOAA) Cli- temporal correlations. In such fields, lines of equal cor- 
mate Analysis Center (CAC) by subtracting the 1950 to relation are analogous to lines of equal 700 mb height 
1979 long-term mean 700 mb height for each day from anomalies associated with extreme precipitation (Stidd 
the observed daily 700 mb heights from January 1947 1954, Klein 1963). Based on this analogy, relations 
through June 1988 (anomalies obtained from Dan between 700 mb height anomalies and surface climatic 
Cayan, Scripps Institute of Oceanography). The or hydrologic variables at a specific location can be 
700 mb height anomalies from 20" to 70" N and from determined. Stidd (1954) indicated that evaluating 
180" to 90' W (encompassing 105 grid points from the relations between atmospheric circulation and surface 
CAC analysis) were used to represent the atmospheric climatic variables using correlation fields has an 
circulation affecting the western United States (Fig. 2) ,  advantage over techniques that use atmospheric- 
Daily 700 mb heirjht  ar?nma!ic?c frnm r\!gver?,be: pressure ccmpcsites because cul~eiaiion fields use aii 
through March were averaged to produce winter mean of the available data and account for spatial variations 
700 mb height anomalies for the winters of 1947-48 in the standard deviations of atmospheric pressure. 
through 1986-87 for comparison with the annual Using this approach, Klein & Bloom (1987) found 
streamflow data. Winter mean 700 mb height anon?- significant linear relations between 700 mb height 
alies averaged for the months of November through anomalies and precipitation. They concluded that the 
March were chosen for comparison with 
the annual streamflow data because it 
is primarily during these months that . . .  

60' 

30° 

-90' 

snowpack accumulations develop that 500 
eventually become streamflow through 
snowmelt in many of the river basins in 
the western United States (McCabe 
1994, McCabe & Legates in press). In 
addition, 700 mb height anomalies aver- 
aged for the months of November 
through March significantly influence 
snowpack accumulations in the western 
United States (McCabe 1994, McCabe 
& Legates in press). 

Data analysis. Because of the large 
number of stream gauges included in 
this study and because previous studies 
have identified areas in the western 
United States where annual streamflow - 150' 

is spatially covariant ( C a ~ a n  & Peterson Fig. 2. Climate Analysis Center (CAC) grid points from which winter mean 
1989), the annual streamflow measured 700 mb height anomaly data were obtained 
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assumption of a linear relation between monthly mean 
700 mb height anomalies and monthly precipitation 
was useful for estimating monthly precipitation totals 
and the frequency of prec~pitation within a month. 
They found that at least 42% of the variability in win- 
ter precipitation nationwide and at least 45% of the 
variability in the frequency of winter precipitation 
events nationwide can be explained by variations in 
700 mb height anomalies. 

In this study, correlations between gridded winter 
mean 700 mb height anomalies and cluster-average 
annual streamflow are computed for the water years 
1948 through 1987. Following the method of Stidd 
(1954) and Klein (1963), lines of equal correlation can 
be interpreted as being analogous to lines of equal 
700 mb height anomalies. Thus, in this study, for large 
values of annual streamflow (i.e. above-average 
annual streamflow), areas of negative correlations are 
interpreted as negative 700 mb height anomalies (indi- 
cating anomalous cyclonic circulation), and areas of 
positive correlations are interpreted as positive 700 mb 
height anomalies (indicating anomalous anticyclonic 
circulation). For small values of annual streamflow (i.e. 
below-average annual streamflow), the inverse of 
these interpretations is used. 

RESULTS AND DISCUSSION 

The cluster analysis of annual streamflow measured 
at  the 140 stream gauges resulted in 7 clusters. Fig. 3 
illustrates the similarity index computed for 20 to 1 
clusters. In any classification, procedure the desired 

Fig. 3.  Comparison of similarity index values for 20 to 1 clus- 
ters resulting from a cluster analysis of annual streamflow 
measured at 140 stream gauges in the western 'United States 
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result is to obtain the minimum number of clusters 
necessary to represent the data without a great loss of 
information. The similarity index decreases as the 
number of clusters decreases because of the joining of 
clusters that are dissimilar. When 2 strongly dissimilar 
clusters are joined the decrease in the similarity index 
is large and indicates a large loss of information. Fig. 3 
illustrates a relatively constant decrease in the similar- 
ity index until the decrease of clusters from 7 to 6. 
When the number of clusters decreased from 7 to 6 a 
relatively large decrease in the simaarity index 
occurred indicating a relatively large loss of informa- 
tion. Thus, 7 clusters was chosen as the solution of the 
clustering process. 

Because hierarchical clustering methods can include 
observations in one cluster early in the clustering 
process that better fit into another cluster, an addi- 
tional step was used to improve the clustering of the 
stream gauges. This step involved the correlation of 
the time series of annual streamflow at each stream 
gauge with the time series for each cluster. Each 
stream gauge was ultimately assigned to the cluster 
with which it is most highly correlated. An additional 
requirement was that a stream gauge was only classi- 
fied if the cluster-average annual streamflow of one of 
the clusters explained at least 50% of the variability in 
the annual streamflow for that stream gauge. This 
requirement increased the likelihood of reliable clus- 
ters, but also resulted in the non-inclusion of some 
stream gauges into clusters. 

The final results of the clustering procedure pro- 
duced 7 clusters that included 122 of the 140 stream 
gauges analyzed. Fig. 4 illustrates the cluster assign- 
ment for each of the 140 stream gauges. Each cluster 
exhibits a large amount of spatial coherence which 
reflects the reliability of the clusters. Cluster A, the 
largest cluster, included 43 stations (31 %) located in 
the northwestern United States, primarily in Washing- 
ton and western Oregon. Cluster B included 22 
stream gauges (16%) primarily located in eastern 
Oregon and northern California. Cluster C included 
20 stream gauges (14%) located in the east-central 
western United States. Cluster D included 19 stream 
gauges (14%) located in southern California and in 
parts of Nevada. Cluster E included 12 stations (9%) 
primarily located in New Mexico and Arizona. Cluster 
F included 4 stations (3%) located in southern Mon- 
tana, and cluster G,  the smallest cluster, included only 
2 stream gauges (1 %) located in northern Wyoming. 
Eighteen stream gauges (13%) were unclassified. 
Clusters A, B, C, D,  and E accounted for 83% of 
the 140 stream gauges analyzed and 95% of the 122 
stream gauges that were grouped into clusters, thus 
these clusters are the focus of the remainder of the 
paper. 
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height anomalies over western Canada The anonl- 
alous anticyclonic circulation over western Canada 
pi-events the intlusion of molst air from the eastern 
North Pacific Ocean into the northwt'5tern Un~ted  
States, and thus decreases winter precipitation. 

The correlation field for cluster B indicates that 
above-average annual streamflow for the stream 
gauges located in northern California and eastern Ore- 
gon is associated with negative winter mean 700 mb 
height anomalies centered over the eastern North 
Pacific Ocean and the northwestern coast of the United 
States (Fig. 5B). The negative anomalies indicate a n  
anomalous southwesterly flow of moist air from the 
eastern North Pacific Ocean into the central-western 
coast of the United States. 

The correlation field for cluster C indicates that 
above-average annual streamflow in the east-central 

Fig. 4 .  Locations of stream gauges included In each of 7 clus- western United States is associated with negative win- 
ters (A to F) of intercorrelated streamflow. Dots indicate ter mean 700 mb height anomalies that extend from 

stream gauges that were unclassified the eastern North Pacific Ocean into the western 

Average values of annual 
streamflow were computed for 
each cluster and for each of the 40 
winters analyzed. These average 
values then were correlated with 
the gridded winter mean 700 mb 
height anomaLies. The coiiekitioii 
fields for each cluster indicate 
large al-eas of correlations that are 
statistically significant at a 99"6 
confidence level. Results of these 
correlations indicate that above- 
average annual streamflow for the 
stream gauges included in cluster 
A is associated with negative win- 
ter mean 700 mb height anomalies 
centered over western Canada and 
positive anomalies over the east- 
ern North Pacific Ocean (Fig. 5A). 
The negative anomalies centered 
over western Canada indicate in- 
creased storminess and an  anom- 
alous flow of moist air from the 
eastern North Pacific Ocean into 
the northwestern United States 
which increases winter precipita- 
tion and subsequent streamflow. 
In contrast, the negative of the 
correlation field for cluster A indi- 
cates that below-average annual 
streamflow in the northwestern 
United States is associated with 
positive winter mean 700 mb I cdnt at a 99 % conf~dence level 
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United States. The west-to-east orientation of the neg- 
ative anomalies suggests the movement of storm sys- 
tems from the eastern North Pacific Ocean into the 
central western United States. The correlation field for 
cluster C is not as strong as are the fields for clusters A, 
B, D,  and E.  This is consistent with the findings of 
Cayan & Peterson (1989), Klein et  al. (1965), and Weare 
& Hoeschele (1983) who found that in contrast to the 
west coast, a smaller fraction of the winter precipita- 
tion in the Rocky Mountains and the Great Basin could 
be explained by upper-level geopotential height 
anomalies. Winter precipitation in these areas is signif- 
icantly affected by other factors such as topography, 
surface heating, and surface friction (Cayan & Roads 
1984). 

The correlation field for cluster D has some sirnilari- 
ties to the correlation fields for clusters B and C. Nega- 
tive winter mean 700 mb height anomalies are cen- 
tered to the west of northern California and indicate an 
anomalous southwesterly flow over southern Califor- 
nia. A similar pattern was identified by Klein & Bloom 
(1987) for above-average winter precipitation in south- 
ern California. 

The correlation field for cluster E also has some 
similarities to the correlation fields for clusters B, C, 
and D, but the center of the winter mean 700 mb 
height anomalies over the eastern North Pacific 
Ocean and the western United States indicated for 
cluster E is located farther south and east than are 
the centers of negative anomalies for clusters B, C, 
and D (Fig. 5E). The correlation field for cluster E 
indicates that above-average annual streamflow for 
the stream gauges included in cluster E is associated 
with negative winter mean 700 mb height anomalies 
centered over southern California, that extend from 
the eastern North Pacific Ocean to the central United 
States. In general, the negative anomalies indicate a 
storm track that has been displaced to the south, as 
well as an anomalous southwesterly flow of air from 
the eastern North Pacific Ocean into the southwest- 
ern United States. Cayan & Peterson (1989) also 
found that December through August streamflow in 
parts of the interior western United States was associ- 
ated with a southerly displaced storm track that ex- 
tended from the eastern North Pacific Ocean across 
the southern part of the western United States. The 
negative anomalies also indicate an anomalous south- 
easterly flow of air across the eastern most part of the 
western United States, possibly indicating a contribu- 
tion of winter precipitation from the Gulf of Mexico. 
T h ~ s  relation also was identified by Klein et al. (1965), 
who also noted that winter precipitation in parts of 
the interior western United States was associated 
with air flow that had an anomalous easterly com- 
ponent. 

The correlations between winter mean 700 mb 
height anomalies and annual streamflow illustrated in 
Fig. 5 indicate statistically significant and physically 
meaningful relations. Fig. 5 illustrates that annual 
streamflow in the western United States generally is 
negatively correlated with winter mean 700 mb height 
anomalies over the eastern North Pacific Ocean and/or 
the western United States. Fig. 5 also indicates that 
annual streamflow is sensitive to the relative location 
of the center of winter mean 700 mb height anomalies 
over the eastern North Pacific Ocean and/or the west- 
ern United States. For example, negative anomalies 
associated with above-average annual streamflow 
measured at stream gauges located in the northern 
part of the western United States are centered farther 
north than are the negative anomalies associated with 
above-average annual streamflow measured at  loca- 
tions in the southern part of the western United States. 
Cayan & Peterson (1989) found similar results for rela- 
tions between winter mean sea-level pressures and 
December through August streamflow in the western 
United States. Cayan & Peterson (1989) also found 
streamflow in the western United States to be nega- 
tively correlated with winter mean atmospheric pres- 
sures over the eastern North Pacific Ocean and the 
western United States. In addition, they found that 
above-average December through August streamflow 
in the northwestern United States was associated with 
negative atmospheric pressure anomalies that were 
centered farther north than were atmospheric pressure 
anomalies associated with above-average December 
through August streamflow in California. 

Klein & Bloom (1987) performed a study of the rela- 
tions between 700 mb height anomalies and monthly 
precipitation at 60 climate divisions across the conter- 
minous United States. As part of their study, Klein & 

Bloom (1987) produced composite maps of 700 mb 
height anomalies for above- and below-average winter 
precipitation frequencies in northern and southern 
California. The composites generated for these 2 
extreme conditions in northern and southern Califor- 
nia are similar to the 700 mb height anomaly patterns 
found in this study for above- and below-average val- 
ues of annual streamflow in the western United States 
(Fig 5). Klein & Bloom (1987) found that above-aver- 
age precipitation during winter months in northern 
and southern California was associated with negative 
700 mb height anomalies centered off the northwest 
coast of the United States. The anomalous cyclonic cir- 
culation is associated with an anomalous southwest- 
erly flow of moist air from the eastern North Pac~fic 
Ocean into the western United States. In contrast, 
below-average precipitation during winters in north- 
ern and southern California is associated with positive 
700 rnb height anomalies centered off the northwest 
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coast of the United States. The anomalous anticyclonic 
circulation prevents the intrusion of moist air from the 
eastern North Pacific Ocean into the western United 
States. 

The results of this study also are consistent with 
those obtained by Cayan et al. (1991) who examined 
the relations between 700 mb height anomalies and 
winter precipitation in the Sierra Nevada in California. 
Forty years of precipitation and air temperature data 
for the months of November through March were used 
to classify each winter season into wet and warm, dry 
and warm, wet and cool, and dry and cool categories. 
Composite 700 mb height anomaly maps then were 
constructed for each category. For both dry winter cat- 
egories, positive 700 mb height anomalies were pre- 
sent over the western United States. In contrast, for the 
2 wet categories, negative 700 mb height anomalies 
dominated the western United States. 

More recently, McCabe (1994) examined the rela- 
tions between winter mean 700 mb height anomalies 
and April 1 snowpack accumulations in the Gunnison 
River basin in southwestern Colorado. Results indi- 
cated that below-average April 1 snowpack accumula- 
tions are primarily associated with positive winter 
mean 700 mb height anomalies (anomalous anti- 
cyclonic circulation) over the western United States. 
Moist air from the eastern North Pacific Ocean is 
moved to the north of the western United States along 
ihe w e s i e ~  11 111.11 y ill3 vi ihe d~iuliidiuus d ~ i t ~ ~ y  ~i01iit C ~ I -  

culation. In contrast, above-average April 1 snowpack 
accumulations are associated with negative winter 
mean 700 mb height anomalies (anomalous cyclonic 
circulation) over the western United States and over 
most of the eastern North Pacific Ocean. McCabe 
(1994) also found that variations in winter mean 
700 mb heights explain over 50% of the variability in 
April 1 snowpack accumulations in the Gunnison River 
basin. 

The results of the correlation analyses are consistent 
with the findings of previous studies and indicate that 
annual streamflow in the western United States is sig- 
nificantly correlated with winter mean 700 mb height 
anomalies over the eastern North Pacific Ocean ancllor 
the western United States. These results also indicate 
that winter mean 700 mb height anomalies over the 
eastern North Pacific Ocean and/or the western United 
States can be used to provide reliable estimates of tem- 
poral variations in annual streamflow. 

Long-term trends 

In a study of the relations between winter mean 
700 mb height anomalies and winter precipitation in 
the Sierra Nevada in California, Dettinger et al. (1993) 

identified long-term trends (1948 to 1992) in winter 
mean (January through March) 700 mb height anom- 
alies over the eastern North Pacific Ocean and the 
western United States. Their results indicate that 
winter mean 700 mb height anomalies are decreasing 
over the eastern North Pacific Ocean and increasing 
over western Canada and the northwestern United 
States. Given these trends in winter mean 700 mb 
height anomalies and the results presented in this 
paper, annual streamflow in the northwestern United 
States should indicate a decreasing trend as a result 
of the increasing trend in winter mean 700 mb height 
anomalies over western Canada and the northwestern 
United States. Increases in winter mean 700 mb 
height anomalies over western Canada and the north- 
western United States indicate increased anomalous 
anticyclonic circulation in this area. Enhanced anom- 
alous anticyclonic circulation over this area can affect 
annual streamflow in 2 ways: (1) anomalous anti- 
cyclonic circulation prevents the intrusion of moist air 
from the eastern North Pacific Ocean into the north- 
western United States and thereby decreases precipi- 
tation, and (2) increased subsidence associated with 
anomalous anticyclonic circulation also decreases 
the opportunity for precipitation. To investigate this 
hypothesis, trends in winter mean 700 mb height 
anomalies and annual streamflow for clusters A to E 
were computed by using Kendall's r (Hirsch et al. 
4 ,-,no n ..... .L - 1  4 ,-,,,c, 
I Y O L ,  i-le.5 et al. LYOUJ. 

Similar to the study by Dettinger et al. (1993), the 
results of this analysis indicate a decreasing trend in 
winter mean 700 mb anomalies in the eastern North 
Pacific Ocean and an increasing trend in winter mean 
700 mb height anomalies over western Canada and 
the northwestern United States (Fig. 6 ) .  The results 
also indicate a decreasing trend in annual streamflow 
(at a 95% confidence level) for cluster A, and an in- 
creasing trend in annual streamflow for cluster E.  
These results indicate a relation between the long- 
term increasing trend in winter mean 700 mb height 
anomalies over western Canada and the northwestern 
United States and the long-term decreasing trend in 
annual streamflow in the northwestern United States 
(i.e. cluster A). The increasing trend in annual stream- 
flow in the southeastern part of the western United 
States (i.e. cluster E) appears to be related to a de- 
creasing trend in winter mean 700 mb height anom- 
alies over the south-central United States and the Gulf 
of Mexico. The decreasing trend in winter mean 
700 mb height anomalies over the south-central 
United States and the Gulf of Mexico indicates an in- 
crease in cyclonic circulation over this area which re- 
sults in increased advection of moisture from the Gulf 
of Mexico into the southeastern part of the western 
United States. 
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Fig 6. Trends in winter mean 700 mb height 
anomalies for the winters 1948 through 1987 
(~ndicated by values of Kendall's r )  and 
trends in annual streamflow for clusters A to 
E. Solid lines indicate positive values of 
Kendall's T and increasing trends in winter 
mean 700 mb height anomalies; dashed lines 
indicate negative values of Kendall's T and 
decreasing trends in winter mean 700 mb 
height anomalies; the contour interval is 0.1 
Shaded areas indicate values of Kendall's r 
that are statistically significant at a 95% con- 
fidence level. (+) clusters with increasing 
trends in annual streamflow significant at a 
95% confidence level; (-) clusters with 
decreasing trends in annual streamflow sig- 
nlflcant a t  a 95% confidence level; (m) clus- 
ters with non-significant trends in annual 
streamflow (symbols are near the geograph- 

ic& center of the respective ciusier) 

Implications for the development of climate change 
scenarios 

Several studies have shown that GCM simulations of 
atmospheric circulation for current climatic conditions 
are reliable (Hay et al. 1992, Hewltson & Crane 1992, 
McCabe &Legates 1992), whereas GCM simulations of 
surface climatic vanables, such as temperature and pre- 
cipitation, have been shown to be unreliable (Grotch & 

MacCraken 1990). Hewtson & Crane (1992) showed 
that the Goddard Institute for Space Studies (GISS) 
GCM effectively simulates the synoptic-scale circula- 
tion over North America. Hewitson & Crane (1992) 
found that temporal and spatial distributions of GISS 
GCM simulatlons of sea-level pressures were statistl- 
cally similar to temporal and spatial distributions of 
observed sea-level pressures. Smllarly, McCabe & 
Legates (1992) found that the Geophysical Fluid Dy- 
namics Laboratory (GFDL) GCM, as well as the GISS 
GCM, simulated temporal and spabal sea-level pressure 
variability that is simllar to that found in observed 
sea-level pressures. These studies lndlcate that GCMs 
rehably slmulate important components of atmosphenc 
circulation and synopt~c-scale circulation patterns. 

Because GCM simulations of atmosphenc circulation 
are more reliable than GCM simulations of tempera- 
ture and precipitat~on, some researchers are develop- 
ing empirical relations between observed temperature 
and precipitation and observed atmospheric circula- 
tion to translate GCM est~mates of future atmosphenc 
circulation into estimates of future temperature and 
precipitation (Yarnal & Leathers 1988, Dettinger & 
Cayan 1992, Hay et al. 1992, Zorita et al. 1992, Hewit- 
son & Crane 1993) Such empirical relations may pro- 

vlde a scale-appropriate link between spatially coarse 
GCM simulations (100s of km) and needed local- and 
regional-scale estimates of temperature and precipita- 
tion for studies of the environmental effects of climate 
change. Empirical relations between surface climate 
and atmospheric circulation may provide a realistic 
mechanism for describing the regional effects of cli- 
mate change. Developing climate change scenarios in 
this manner assumes (1) that relations between atmos- 
phenc circulation and surface climate variables are 
properly simulated by GCMs, (2) that these relations 
will not change appreciably in a climate-changed 
world, and (3) that changes in surface climate in a 
climate-changed world primarily will be the result of 
changes In atmospheric circulation rather than in 
'basehne' mean conditions. 

Currently, GCM estimates of streamflow do not agree 
as to the magnitude or direction of change from current 
to future climatic conditions. The simple linear relations 
presented in this paper clearly can be improved upon to 
develop more sophisticated models relating atmos- 
phenc circulation and streamflow, however, these rela- 
tions do explain a signifi.cant portion of the temporal 
vanabillty in annual streamflow in the western United 
States. Although many climatic factors other than winter 
mean atmosphenc circulation affect annual streamflow 
in the western United States (e.g. the length of the snow 
season, the mtensity, frequency, and path of storms, and 
local energy budgets), the use of the relations identified 
In thls study w ~ t h  GCM estimates of winter mean 
700 mb height anomalies for future climatic conditions 
should at least indicate the general direction of change 
in annual streamflow in the western United States, 
which is an improvement over current GCM estmates. 
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CONCLUSIONS 

Winter mean 700 mb height anomalies over the east- 
ern North Pacific Ocean and/or the western United 
States were correlated with annual streamflow mea- 
sured in the western United States. Results indicate 
that variability in winter mean 700 mb height anom- 
alies account for a statistically significant portion of the 
temporal variability in annual streamflow in the west- 
ern United States. In general, above-average annual 
streamflow is associated with negative winter mean 
700 mb height anomalies over the eastern North 
Pacific Ocean and/or the western United States. These 
anomalies are indicative of anomalous cyclonic circu- 
lation which is associated with an anomalous flow of 
moist air from the eastern North Pacific Ocean into the 
western United States that increases winter precipita- 
tion and snowpack accumulations, and subsequently 
streamflow. Below-average annual streamflow is asso- 
ciated with positive winter mean 700 mb height anom- 
alies over the eastern North Pacific Ocean and/or the 
western United States. These positive anomalies indi- 
cate anomalous anticyclonic circulation which pre- 
vents the intrusion of moist air from the eastern North 
Pacific Ocean into the western United States, increases 
subsidence, decreases winter precipitation, and results 
in decreased streamflow. Results also indicate that 
long-term trends in annual strearnflow are related to 
iu~iy-ieriii ieiids iii wiriier ncaii 700 m t  height aiism- 
alies. 
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