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Abstract. An increasing trend in global streamflow has been
variously attributed to global warming, land use, and a re-
duction in plant transpiration under higher CO2 levels. To
separate these influences for the coterminous United States,
we use a set of over 1000 United States Geological Sur-
vey stream gauges primarily from small, minimally disturbed
watersheds to estimate annual streamflow per unit area since
1920 on a uniform grid. We find that changing precipitation,
which is not clearly correlated with greenhouse gas concen-
trations or global warming, explains most of the interannual
and longer term variability in streamflow. While streamflow
has indeed increased since 1920, this increase has not been
steady but rather concentrated in the late 1960s, when precip-
itation increased. Since the early 1990s, both precipitation
and streamflow show nonsignificant declining trends. Multi-
ple regression of streamflow against precipitation, tempera-
ture and CO2 suggests that higher CO2 levels may increase
streamflow, presumably from lower transpiration due to the
physiological plant response to CO2, but that this positive re-
sponse is offset by concomitant increasing evaporation due
to global warming. The net impact of the opposing climate
and physiological effects of CO2 emissions for streamflow
is close to zero for the coterminous United States taken as a
whole, but shows regional variation. Streamflow at a given
amount of annual precipitation has decreased in the Pacific
west, where most precipitation occurs in winter. Suppression
of plant transpiration through higher CO2 levels may be par-
ticularly important for sustaining high streamflow in recent
decades in the Great Plains, where precipitation is concen-
trated during the growing season.
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(niryk@berkeley.edu)

1 Introduction

Streamflow is important both in its own right, as sustaining
aquatic life and human water uses, and as a major component
of the terrestrial water budget. Not surprisingly, several at-
tempts have been made to look in streamflow records for the
impact of global warming, other types of climate variability,
and nonclimatic human disturbance, often with an eye to test-
ing models used to predict future changes in the water cycle.
Probst and Tardy(1987, 1989) examine discharge records of
50 large rivers, filling in gaps in the records through linear
correlation with measured precipitation. They find increas-
ing streamflow over 1910–1975 in Africa and the Americas,
decreasing streamflow in Europe and Asia, and worldwide a
linear trend corresponding to a 3% increase over that period,
which they correlate with warming.Labat et al.(2004) an-
alyze runoff records for 221 large rivers, estimating missing
values using wavelet transforms. For the periods 1900–1975
(corresponding toProbst and Tardy’s end year) and 1925–
1994, they find increasing streamflow in Africa, the Amer-
icas, and Asia and decreasing streamflow only in Europe,
for a global increase of 3% over 1900–1975 and 8% over
1925–1994, which they propose is evidence for acceleration
of the hydrologic cycle caused by global warming; linear re-
gression of runoff on annual global temperature gives a 4%
increase per K warming.

AlthoughLabat et al.’s claim that warming has led to glob-
ally increasing streamflow has been challenged on statisti-
cal grounds and for failing to account for the impact of land
use change on streamflow (Legates et al., 2005), modeling
groups have usedLabat et al.’s work as a starting point to in-
vestigate what processes could be causing streamflow to in-
crease.Gedney et al.(2006) use a land surface model driven
by observed climate in an attempt to determine the causes for
the increased streamflow seen byLabat et al.(2004). They
find that observed climate changes are insufficient to ex-
plain the streamflow increase, while changes in land use are

Published by Copernicus Publications on behalf of the European Geosciences Union.

http://creativecommons.org/licenses/by/3.0/


1112 N. Y. Krakauer and I. Fung: US streamflow change
Krakauer & Fung: US streamflow change 3

!130 !120 !110 !100 !90 !80 !70 !60
25

30

35

40

45

50

Fig. 1. Locations of HCDN stream gauges.
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Fig. 2. HCDN sites with complete discharge records per water year. (The drop for the most recent water year, 2007, is
because USGS hasn’t yet estimated flows over icy periods.)

lute amounts of precipitation and streamflow can vary
drastically depending on elevation and aspect.

We fit a two-parameter spatial covariance model
(Handcock and Stein, 1993) to the normalized stream-
flow series using a restricted maximum likelihood ap-
proach (Kitanidis, 1995). The correlation length of
streamflow anomalies was found to be about 720 km (e-
folding decay length; Figure 3) and correlation decayed
exponentially with distance, similar to other analyses
of the spatial correlation of streamflow (Lettenmaier
et al., 1994). (For simplicity, we approximated the spa-

tial correlation as homogenous and isotropic. This is
not exactly the case; for example, correlelogram anal-
ysis showed that the correlation length was about 50%
greater in the east than in the more mountainous west
and about 40% greater in the east-west compared with
the north-south direction.) Each stream record was as-
signed an error which includes the estimated uncertainty
in the series mean and standard deviation; the estimated
uncertainty of the filled-in values; and an error term,
assumed constant across records, that was intended to
represent measurement error and sub-gridscale flow vari-

Fig. 1. Locations of HCDN stream gauges.

modeled to have negligible impact on continental or global
streamflow. The observed trend can be matched only by in-
cluding the effect of higher CO2 levels in suppressing plant
transpiration and thus increasing the share of precipitation
that runs off rather than evaporates. Extending this effect into
the future,Betts et al.(2007) find that including the favorable
impact of high CO2 on streamflow increases projected global
streamflow by an amount comparable to that expected from
the climate-induced increase in precipitation. By contrast,
Piao et al.(2007), simulating 20th century trends in runoff
using a different land surface model, find that suppression of
transpiration is not necessary to explain the increase found by
Labat et al.; in their model, transpiration is not reduced by
high CO2 levels because the increased water use efficiency
is offset by faster plant growth and more leaf area. Instead,
they find that land use change, specifically deforestation, can
explain much of the observed increase in runoff.

Several studies have examined trends in streamflow in the
United States (US), using observations from parts of the
extensive United States Geological Survey (USGS) stream
gauge network, usually streams from the Hydro-Climatic
Data Network (HCDN), a subset of USGS stream gauges
chosen for their long continuous records and minimal dis-
turbance of flow due to human land disturbance or water di-
versions over their periods of record (Slack and Landwehr,
1992). Lettenmaier et al.(1994) examine trends in monthly
streamflow, as well as temperature and precipitation, for
1948–1988, finding large increases in cold-season stream-
flow in the Northeast and Midwest over that period.Lins
and Slack(1999) focus on streams with multidecade records
that extend through 1993 and find that many streams have
shown significantly larger low and medium flows, while high
flows do not increase as much.McCabe and Wolock(2002),
focusing on the period 1941–1999, find the same pattern of
increasing minimum and median annual flow, but point out
that the increase took place abruptly around 1970, coincident
with an increase in recorded precipitation, and that therefore
the increasing trend cannot be confidently extrapolated into
the future. Douglas et al.(2000) analyze whether trends in
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Fig. 2. HCDN sites with complete discharge records per water year. (The drop for the most recent water year, 2007, is
because USGS hasn’t yet estimated flows over icy periods.)
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We fit a two-parameter spatial covariance model
(Handcock and Stein, 1993) to the normalized stream-
flow series using a restricted maximum likelihood ap-
proach (Kitanidis, 1995). The correlation length of
streamflow anomalies was found to be about 720 km (e-
folding decay length; Figure 3) and correlation decayed
exponentially with distance, similar to other analyses
of the spatial correlation of streamflow (Lettenmaier
et al., 1994). (For simplicity, we approximated the spa-

tial correlation as homogenous and isotropic. This is
not exactly the case; for example, correlelogram anal-
ysis showed that the correlation length was about 50%
greater in the east than in the more mountainous west
and about 40% greater in the east-west compared with
the north-south direction.) Each stream record was as-
signed an error which includes the estimated uncertainty
in the series mean and standard deviation; the estimated
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represent measurement error and sub-gridscale flow vari-

Fig. 2. HCDN sites with complete discharge records per water year.
(The drop for the most recent water year, 2007, is because USGS
hasn’t yet estimated flows over icy periods.)

high and low flows in HCDN stream gauges are significant
given the spatial correlation of variability in streamflow, con-
cluding that low flows in the Midwest have become signifi-
cantly greater.

In the work presented here, our aims were (1) to use avail-
able streamflow observations to map annual streamflow de-
partures for the coterminous US for as long a period as pos-
sible; (2) to evaluate trends in annual streamflow over the
coterminous US; and (3) to correlate deduced changes in
streamflow with climate variables and with CO2 concentra-
tions. To exclude the effects of land use change on stream-
flow, which may be a significant contributor to recent trends
according toPiao et al.(2007), we employ only records from
HCDN stations, which primarily represent drainage from
minimally disturbed small watersheds.

2 Methods

2.1 Estimation of gridded streamflow

As constructed bySlack and Landwehr(1992), HCDN con-
tains 1659 stream gauges, of which 1571 are in the coter-
minous United States (distribution shown in Fig.1) and the
remainder in Alaska, Hawai’i, Puerto Rico, and the Virgin
Islands. Slack and Landwehr(1992) provide the available
annual streamflows from HCDN gauges for the 1874–1988
water years, which we updated from USGS through 2007.
(In this paper, annual streamflow, and values of associated
meteorological variables such as precipitation and tempera-
ture, will be computed for water years. USGS defines a wa-
ter year as extending from October of the previous calendar
year through September of the current year.) The average
station has 55 years with complete daily streamflow records
(for which average annual streamflow can therefore be calcu-
lated), with fewer station records available before the 1940s
(Fig. 2).
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Most of the streams in HCDN drain small watersheds (me-
dian drainage area: 740 square km; 10th–90th percentiles:
73–6800 square km). For interpolating measured annual
streamflows onto a 1◦ grid (1×104 square km cell area) cov-
ering the coterminous United States (8×106 square km), we
therefore treated the HCDN streamflow records as point mea-
surements of streamflow per unit watershed area. To make
mapped streamflow for different years as closely comparable
as possible given that different site records were available for
different time periods, we began by filling in missing years in
the streamflow records from the sites that were available for a
given year by regularized multiple linear regression (Schnei-
der, 2001). This approach provides estimates of the uncer-
tainty of the filled-in missing values, as well as estimates of
the mean and covariance of the streamflow records that ac-
count for the bias likely to be introduced by missing values.
The streamflow records were then normalized by subtract-
ing the long-term mean from each series and dividing by its
interannual standard deviation. We chose to map these nor-
malized streamflow departures rather than absolute stream-
flow per unit drainage area because the normalized depar-
tures are much less variable over small scales, particularly
in mountainous terrain where absolute amounts of precipi-
tation and streamflow can vary drastically depending on el-
evation and aspect. We fit a two-parameter spatial covari-
ance model (Handcock and Stein, 1993) to the normalized
streamflow series using a restricted maximum likelihood ap-
proach (Kitanidis, 1995). The correlation length of stream-
flow anomalies was found to be about 720 km (e-folding de-
cay length; Fig.3) and correlation decayed exponentially
with distance, similar to other analyses of the spatial corre-
lation of streamflow (Lettenmaier et al., 1994). (For simplic-
ity, we approximated the spatial correlation as homogenous
and isotropic. This is not exactly the case; for example, cor-
relelogram analysis showed that the correlation length was
about 50% greater in the east than in the more mountainous
west and about 40% greater in the east-west compared with
the north-south direction.) Each stream record was assigned
an error which includes the estimated uncertainty in the se-
ries mean and standard deviation; the estimated uncertainty
of the filled-in values; and an error term, assumed constant
across records, that was intended to represent measurement
error and sub-gridscale flow variability and whose magnitude
(0.06 standard deviations) was determined by restricted max-
imum likelihood. Finally, given the spatial covariance and er-
ror structure, each year’s normalized streamflow at the gauge
locations was interpolated, using a standard geostatistical
method (ordinary kriging) (Cressie, 1993), to a 1◦ grid cover-
ing the coterminous United States. Because we mapped nor-
malized streamflow departures rather than absolute amounts,
we scaled the gridded normalized streamflows by the grid-
ded mean and interannual standard deviation of streamflow
per unit area from the UNH/GRDC analysis (Fekete et al.,
2002) to produce estimates of actual streamflow per unit area
(in mm/year) for each water year.
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Fig. 3. Average inter-gauge correlation of annual streamflow as a function of distance between stream gauges, shown in 110-
km bins. Error bars show standard deviation of the correlation coefficient within each bin. The curve is an exponential-decay
fit with a scale length of 720 km.

tain region and in the southeast. In both cases, stream-
flow shows quite similar trends. Another way of showing
the relationship between precipitation and streamflow is
to map the local correlation between the two (Figure 8).
The quantitative relationship between precipitation and
streamflow change shows that precipitation mostly goes
into streamflow in the moist east (regression coefficient
near 1 in Figure 8a) and mostly evaporates in the arid
west (regression coefficient near 0). The fraction of in-
terannual variance in streamflow explained by variabil-
ity in precipitation, as given by the regression correla-
tion coefficient (Figure 8b), is high (close to or above
0.5) for most of the coterminous US, but relatively low
for the Great Plains in the center.

Comparing the regression coefficient of precipitation
on streamflow (Figure 8) with the fraction of climato-
logical precipitation that falls during the warmest six
months of the year (Figure 9a), we see that the fraction
of interannual variability of streamflow that can be ex-
plained by precipitation fluctuations was also weakest
in the Great Plains, where summer precipitation domi-
nates (so that the timing of rainfall and the antecedent
soil moisture status may be relatively more important
to determining streamflow than the annual total pre-
cipitation amount), and strongest in the moist east and
the Pacific coast (Figure 8b; 1). Also, in areas that get
mostly summer precipitation a greater fraction of pre-
cipitation evaporates than in areas where winter precip-

itation dominates (Table 1).

3.2 Impact of global warming and atmospheric CO2 on
streamflow

While the major direct cause of interannual variability
in streamflow is variability in precipitation, changing
temperature and CO2 level might also be expected to
affect streamflow, the former through influencing evap-
oration rates, and the latter by affecting plant water use
efficiency. One difference between the two kinds of im-
pact is their seasonality: while higher temperature at
any time of year accelerates evaporation (though this
impact might be greater in the warmer months when
vapor pressure deficits are greatest), higher plant wa-
ter use efficiency would reduce transpiration only during
the growing season, which typically (for the coterminous
US) corresponds to the warm months.

Since (greenhouse) warming and rising CO2 have been
well correlated and are likely to remain so in coming
decades, we first examined the net effect of the combi-
nation of the physiological impact of high CO2 on plant
transpiration and the impact on evaporation of warm-
ing induced by greenhouse gas emissions. Regression of
streamflow against precipitation and CO2 showed that
the overall effect of greenhouse warming, holding pre-
cipitation constant, on streamflow is not significant for
the coterminous US as a whole, with a regression coef-
ficient of −3±12 mm/year streamflow change per 100

Fig. 3. Average inter-gauge correlation of annual streamflow as a
function of distance between stream gauges, shown in 110-km bins.
Error bars show the standard deviation of the correlation coefficient
within each bin. The curve is an exponential-decay fit with a scale
length of 720 km.

2.2 Climate and greenhouse-gas concentration data

We sought to correlate streamflow anomalies to anomalies
in local precipitation, atmospheric CO2 concentration, and
global temperature. We used gridded precipitation from
the Global Historical Climatology Network (GHCN) Ver-
sion 2, which is based on quality-controlled station obser-
vations over land processed with the objective of provid-
ing the best representation of long-term variability (Peter-
son and Vose, 1997, http://www.ncdc.noaa.gov/oa/climate/
research/ghcn/ghcngrid.html). To get more accurate ratios
of streamflow to precipitation, we downscaled the precipi-
tation amounts from the 5◦ resolution of GHCN to the 1◦

resolution of our grid using climatological gridded precip-
itation from the University of East Anglia’s Climate Re-
search Unit (CRU; New et al., 1999, http://www.cru.uea.
ac.uk/cru/data/hrg/cruts 2.10/), multiplying the GHCN time
series for each grid cell by a scalar representing the ratio in
the CRU climatology between the precipitation at 1◦ reso-
lution and that at 5◦ resolution. Atmospheric CO2 concen-
trations were estimated from direct measurements at Mauna
Loa since the late 1950s and from ice core measurements be-
forehand (Enting et al., 1994). Global monthly temperature
anomalies were taken from CRU (Jones and Moberg, 2003,
http://cdiac.esd.ornl.gov/trends/temp/jonescru/jones.html).
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Fig. 4. (a) Estimated yearly streamflow for the coterminous United States, along with a 10-year moving average. (b)
Uncertainty of the estimated yearly streamflow.

ppm increase in atmospheric CO2 (100 ppm is equal
to the increase in CO2 concentration from preindustrial
times to the decade of the 2000s) (Table 1).

In an attempt to isolate the impact on streamflow of
global warming and of increasing ambient CO2 levels,
we performed multiple linear regression of streamflow
against annual precipitation, CO2 level, and tempera-
ture. The strong correlation of large-scale temperature
with CO2 levels increases uncertainties when attempt-
ing to distinguish the separate effects of these two fac-
tors using linear regression. For the coterminous US we
found opposing impacts of temperature and CO2 in the
expected directions, with warming reducing streamflow
significantly while higher CO2 nonsignificantly increases
streamflow (Table 1).

While rising greenhouse gas concentrations have had
no net impact on streamflow for the coterminous US as a
whole, there are significantly different regional responses
depending on precipitation seasonality (Figure 9; Table
1). Areas where most precipitation falls in the cold sea-
son (the Pacific west, whose climate has Mediterranean

features) showed a greater and significant reduction in
streamflow (−27±11 mm/year streamflow change per
100 ppm increase in atmospheric CO2) after adjust-
ing for precipitation change, while areas where summer
rain is dominant (the Great Plains) show nonsignificant
increases in streamflow (+17±11 mm/year streamflow
change per 100 ppm increase in atmospheric CO2; Ta-
ble 1). Regression of regional streamflow against an-
nual precipitation, CO2 level, and temperature shows
significant reductions in streamflow in response to global
warming in regions of winter-dominant and evenly dis-
tributed precipitation, while CO2 level showed a non-
significant positive correlation with streamflow in all
three regions (Table 1).

For the regression analyses involving temperature just
described and shown in the bottom rows of Table 1, we
used global temperature as a predictor variable in order
to quantify the impact of global warming on stream-
flow adjusted for precipitation and CO2 change. Similar
regressions using Northern Hemisphere (CRU) or local
(GHCN) temperature series instead of global tempera-

Fig. 4. (a)Estimated yearly streamflow for the coterminous United
States, along with a 10-year moving average.(b) Uncertainty of the
estimated yearly streamflow.

3 Results

3.1 Streamflow trends and their correlation with precipita-
tion

Figure4 shows estimated annual streamflows for the coter-
minous United States, along with their uncertainty as esti-
mated from the covariance and error structures of the HCDN
records. This uncertainty was large in the first few decades,
because there weren’t enough records to accurately delineate
patterns in annual streamflows (Fig.2). We restricted our
analysis of trends in streamflow to the period since 1920,
when the streamflow gauge network appears to be dense
enough to allow for accurate year-by-year reconstruction of
large-scale streamflow patterns. (The estimated uncertainty
shown in Fig.4b does not include the uncertainty intro-
duced by scaling with the the analyzed mean and standard
deviation fromFekete et al.(2002). This source of uncer-
tainty, while difficult to quantify, would be expected to af-
fect primarily our estimate of the absolute amount of stream-
flow and not its interannual variability.) We found peri-
ods of low streamflow in the 1930s and 1950s–1960s, and
high streamflow in the 1970s and 1980s. A linear least-
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Fig. 5. (a)Estimated yearly streamflow for the coterminous United
States since 1920, with a 10-year moving average (solid green line)
and least-squares trendlines for 1925–1994, 1925–2007, and 1994–
2007 (red, cyan and purple dashed lines, respectively).(b) Yearly
precipitation for the coterminous United States since 1920 with a
10-year moving average and least-squares trendlines as in a.(c)
Atmospheric CO2 concentration.(d) Global surface temperature
relative to the 1961–1990 mean.

squares trendline of estimated streamflows over 1925–1994
supportsLabat et al.’s (2004) finding of increasing stream-
flow in North America over this period: the regression coef-
ficient is+0.57±0.22 mm/year per year (p=0.03 for the null
hypothesis of a regression coefficient of zero, using theF test
with the number of degrees of freedom adjusted for series au-
tocorrelation;Bretherton et al., 1999). However, the increase
over this period mostly took place abruptly around 1970 (as
evidenced by the 10-year moving average in Fig.5a), rather
than continuing steadily through recent decades. In fact,
over the period 1994–2007, i.e. subsequent to that covered
in Labat et al.’s analysis, streamflow shows a nonsignificant
decreasing trend of−2.3±2.2 mm/year per year (p=0.48)
(Fig. 5a), whereas if the streamflow increase was closely
linked to warming, as theorized byLabat et al.(2004), or
to atmospheric CO2 as suggested byGedney et al.(2006),
continuing increases would have been expected after 1970.

As recognized byMcCabe and Wolock(2002) for min-
imum and median annual streamflows, long-term trends in
mean streamflow were well correlated with trends in precipi-
tation, which also shows an abrupt increase around 1970 fol-
lowed by essentially no trend since then (Fig.5b). High-
frequency interannual fluctuation in precipitation was also

Hydrol. Earth Syst. Sci., 12, 1111–1120, 2008 www.hydrol-earth-syst-sci.net/12/1111/2008/
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Fig. 6. Yearly coterminous United States streamflow ploted against precipitation, 1920-2005. The linear regression trendline
is also drawn: streamflow = (0.54 ± 0.04)×precipitation − (248 ± 28) mm/year.

ence that total evaporation, including plant transpira-
tion, is stable or increasing with warming is consistent
with in situ measurements of evaporation using weighing
lysimeters (Golubev et al., 2001).

We found that the positive CO2 impact on stream-
flow is strongest compared to the negative temperature
impact in parts of the United States where summer
precipitation dominates. This pattern agrees with the
expectation that the impact of increased plant water
use efficiency on streamflow should be relatively largest
where precipitation is concentrated during the grow-
ing season and therefore is used by plants rather than
running off and contributing to streamflow, as opposed
to where most precipitation occurs in winter so that
growing-season transpiration has a relatively smaller im-
pact on streamflow (Wigley et al., 1984). By contrast,
abiotic evaporation increases with temperature regard-
less of season or CO2 level.

4.2 What do observed trends suggest about future
moisture regimes?

Our results show that fitting a linear trend to streamflow
data can be highly misleading for understanding decadal
variability and for extending observed patterns into
the future. While coterminous United States stream-
flow and precipitation have indeed increased in recent

decades, this increase took place abruptly over a few
years around 1970, rather than as part of a steady “ac-
celeration of the hydrologic cycle” in step with green-
house gas concentrations or global warming. Thus, at
least for the US there is no clear reason to expect con-
tinued increases in streamflow with greater warming.
If precipitation follows its post-1970 trend and fails to
increase strongly with additional warming, streamflow
would likely continue to decrease, as it has since the
early 1990s, over at least some parts of the US due to
increased evaporative demand incompletely offset by the
physiological impact of CO2 on plant transpiration. In-
deed, increasing drought over the United States since
the early 1990s is proposed to have caused a reduction
in the summer drawdown of atmospheric CO2 observed
at Mauna Loa, as water stress reduced plant carbon up-
take during the growing season (Buermann et al., 2007).
The global trend since the 1970s has also been toward
more frequent drought occurrence (Dai et al., 2004). Ex-
tending our work through mapping streamflow trends in
other land areas where many long records are available
would help give a clearer picture of how decadal hydro-
logic variability and the effects of greenhouse warming
on the water cycle vary between continents and biomes.

Considering only annual mean streamflow and precip-
itation may not be sufficient for understanding past and
future changes in water stress and water resource avail-

Fig. 6. Yearly coterminous United States streamflow ploted
against precipitation, 1920–2005. The linear regression trend-
line is also drawn: streamflow=(0.54±0.04)×precipitation
−(248±28) mm/year.

matched by fluctuations in streamflow. In fact, as Fig.6
shows, most of the streamflow variability could be ex-
plained by a linear dependence on current-year precipitation
(R2

=0.70).
Our gridded streamflow product permits us to compare not

only trends in streamflow and precipitation averaged over the
coterminous US but also spatial patterns in streamflow with
spatial patterns in precipitation at comparable effective res-
olution over particular time periods. As an example, Fig.7
shows maps of interdecadal change in streamflow and pre-
cipitation. Between 1945–1965 and 1970–1990, precipita-
tion increased over most of the US, with a particularly pro-
nounced increase in the northeast, but decreased over Florida
and the northwest. Between 1970–1990 and 1995–2007 pre-
cipitation increased in the upper Great Plains and northern
California but decreased in the Rocky Mountain region and
in the southeast. In both cases, streamflow shows quite simi-
lar trends. Another way of showing the relationship between
precipitation and streamflow is to map the local correlation
between the two (Fig.8). The quantitative relationship be-
tween precipitation and streamflow change shows that pre-
cipitation mostly goes into streamflow in the moist east (re-
gression coefficient near 1 in Fig.8a) and mostly evaporates
in the arid west (regression coefficient near 0). The fraction
of interannual variance in streamflow explained by variability
in precipitation, as given by the regression correlation coeffi-
cient (Fig.8b), is high (close to or above 0.5) for most of the
coterminous US, but relatively low for the Great Plains in the
center.

Comparing the regression coefficient of precipitation on
streamflow (Fig.8) with the fraction of climatological pre-
cipitation that falls during the warmest six months of the
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(d) change in precipitation 1970!1990 to 1995!2007 (SDs)
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Fig. 7. (a-b) Change in average streamflow and precipitation between 1945-1965 and 1970-1990 (later period minus earlier
period). (c-d) Same, but between 1970-1990 and 1995-2007 (1995-2005 for precipitation). Changes have been normalized by
the interannual standard deviation at each point so that changes in moist and arid regions have comparable magnitude.

ability. For example, part of the increase in streamflow
observed in the Great Plains that our regression analysis
attributed to increasing atmospheric CO2 could instead
be due to reduced interannual precipitation variability
(Garbrecht and Rossel, 2002) or to a disproportionate
increase in cold-season (as compared with summer) pre-
cipitation (Garbrecht et al., 2004). Our interpolation
technique could equally well be applied to seasonal or
monthly as well as annual mean streamflow, and thus
distinguish the hydrologic impacts of these as well as
other seasonally specific factors as advances in spring
snowmelt and changing vegetation phenology. Changes
in precipitation intensity (Groisman et al., 2001) as
well as precipitation amount might also affect stream-
flow and other aspects of the water cycle. Compar-
ing trends in gridded streamflow from a larger gauge

network with the trend estimated using HCDN offers
one way to validate model assessments of the impact
on streamflow of human land use and water diversion,
whereas in this study we chose to obtain trend estimates
that exclude land use impacts insofar as possible. Fi-
nally, combining gridded streamflow and precipitation
with remotely sensed water storage would give a fuller
picture of how climate variability is affecting stored soil
water and groundwater.

5 Conclusions

We developed maps of annual streamflow anomalies over
the coterminous United States using streamflow records
selected to reflect minimum direct impacts from human
land disturbance and water diversion. We find that

Fig. 7. (a–b)Change in average streamflow and precipitation be-
tween 1945–1965 and 1970–1990 (later period minus earlier pe-
riod). (c–d) Same, but between 1970–1990 and 1995–2007 (1995–
2005 for precipitation). Changes have been normalized by the in-
terannual standard deviation at each point so that changes in moist
and arid regions have comparable magnitude.

year (Fig.9a), we see that the fraction of interannual vari-
ability of streamflow that can be explained by precipitation
fluctuations was smallest in the Great Plains, where summer
precipitation dominates (so that the timing of rainfall and the
antecedent soil moisture status may be relatively more impor-
tant to determining streamflow than the annual total precipi-
tation amount), and strongest in the moist east and the Pacific
coast (Fig.8b; Table1). Also, in areas that get mostly sum-
mer precipitation a greater fraction of precipitation evapo-
rates than in areas where winter precipitation dominates (Ta-
ble1).

3.2 Impact of global warming and atmospheric CO2 on
streamflow

While the major direct cause of interannual variability in
streamflow is variability in precipitation, changing temper-
ature and CO2 level might also be expected to affect stream-
flow, the former through influencing evaporation rates, and
the latter by affecting plant water use efficiency. One dif-
ference between the two kinds of impact is their season-
ality: while higher temperature at any time of year accel-
erates evaporation (though this impact might be greater in
the warmer months when vapor pressure deficits are great-
est), higher plant water use efficiency would reduce transpi-
ration only during the growing season, which typically (for
the coterminous US) corresponds to the warm months.

Since (greenhouse) warming and rising CO2 have been
well correlated and are likely to remain so in coming
decades, we first examined the net effect of the combi-
nation of the physiological impact of high CO2 on plant
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Fig. 8. (a) Regression coefficient on precipitation of annual streamflow, 1920-2005 (dimensionless, mm/year per mm/year).
(b) Fraction of interannual variability in streamflow explainable by linear regression on annual precipitation (R2).

streamflow increased around 1970 in concert with an in-
crease in precipitation, but has not increased since then.
Our analysis supports net drying in some regions, and
no change in others, as a result of greenhouse warm-
ing, with tentative evidence for the opposing effects of
warming and CO2 increase. Depending on how this in-
terplay between temperature and direct CO2 effect of
greenhouse gas emissions evolves, there is a high risk of
reduced water supplies and increased plant water stress
with continued warming in coming decades.
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Fig. 9. (a)Summer dominance of precipitation, defined as the frac-
tion of climatological annual precipitation that falls during warmer
than average months of the year.(b) Apparent response of stream-
flow to greenhouse warming: the regression coefficient of atmo-
spheric CO2 level on annual streamflow in a multiple regression of
streamflow against precipitation and (rising) CO2 level. Units are
streamflow standard deviations per 100 ppm CO2. The standard
error of the regression coefficient is about 0.3 SD/100 ppm CO2,
so that the regression coefficients shown in red and dark blue are
significantly different from zero at the 95% level.

While rising greenhouse gas concentrations have had no
net impact on streamflow for the coterminous US as a whole,
there are significantly different regional responses depending
on precipitation seasonality (Fig.9; Table1). Areas where
most precipitation falls in the cold season (the Pacific west,
whose climate has Mediterranean features) showed a greater
and significant reduction in streamflow (−27±11 mm/year
streamflow change per 100 ppm increase in atmospheric
CO2) after adjusting for precipitation change, while areas
where summer rain is dominant (the Great Plains) show
nonsignificant increases in streamflow (+17±11 mm/year
streamflow change per 100 ppm increase in atmospheric
CO2; Table 1). Regression of regional streamflow against
annual precipitation, CO2 level, and temperature shows sig-
nificant reductions in streamflow in response to global warm-
ing in regions of winter-dominant and evenly distributed
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Table 1. Streamflow variability for the coterminous US and for regions grouped by precipitation seasonality.

Fraction of precipitation in warm season
Entire coterminous US <35% 35–65% >65%

Area (106 km2) 7.85 0.68 3.93 3.19
Mean precipitation (mm/year) 736 748 837 599
Mean streamflow (mm/year) 151 311 211 39

Regression of streamflow against precipitation
RegressionR2 0.70 0.88 0.82 0.55
Streamflow: precipitation regres-
sion coefficienta

0.54±0.04∗∗ 0.49±0.02∗∗ 0.69±0.04∗∗ 0.31±0.03∗∗

Intercept (mm/year)b 463 126 542 475

Regression of streamflow against precipitation andpCO2
RegressionR2 0.70 0.89 0.82 0.57
Streamflow: CO2
regression coefficientc

−3±12 −27±11∗
−10±13 +17±11

Regression of streamflow against precipitation,pCO2, and temperature
RegressionR2 0.72 0.90 0.83 0.57
Streamflow: CO2
regression coefficient

+37±21 +20±21 +42±24 +32±20

Streamflow:temperature
regression coefficientd

−52±22∗
−59±22∗∗

−66±26∗
−19±21

∗ Correlation (adjusted for series autocorrelation) is significant at the 0.05 level
∗∗ Significant at the 0.01 level
a mm/year streamflow per mm/year precipitation
b Precipitation at zero streamflow (“baseline” level of evaporation and plant transpiration)
c mm/year streamflow per 100 ppm CO2
d mm/year streamflow per K

precipitation, while CO2 level showed a nonsignificant posi-
tive correlation with streamflow in all three regions (Table1).

For the regression analyses involving temperature just de-
scribed and shown in the bottom rows of Table1, we used
global temperature as a predictor variable in order to quantify
the impact of global warming on streamflow adjusted for pre-
cipitation and CO2 change. Similar regressions using North-
ern Hemisphere (CRU) or local (GHCN) temperature series
instead of global temperature give qualitatively similar re-
sults (not shown), with a negative correlation of streamflow
with temperature alongside a (usually nonsignificant) posi-
tive correlation of streamflow with CO2 level.

4 Discussion

4.1 Is greenhouse warming increasing streamflow?

Figure 10a shows coterminous United States precipitation
versus global temperature for each year in 1901–2005. While
the two time series show a nominally significant positive cor-

relation of+0.35 (p<0.001) because the higher precipitation
after 1970 corresponds to warmer global temperatures, seg-
menting the time series at 1970 shows that the correlation is
mostly due to the abrupt jump in precipitation around 1970
rather than a more consistent trend (correlation for 1901–
1970+0.19, for 1970–2005+0.09, both withp>0.05). This
jump in precipitation has been tentatively linked with chang-
ing circulation patterns in the Atlantic Ocean, possibly rein-
forced by increasing aerosol emissions in the 1960s (Baines
and Folland, 2007). Thus, there is no clear response of
coterminous United States precipitation to global tempera-
ture in the observational record. Coterminous United States
streamflow similarly jumps round 1970, with no significant
response to global temperature when the time series is seg-
mented (Fig.10b).

Absent a direct effect of greenhouse warming on coter-
minous US precipitation, parts of the US, specifically those
where most precipitation falls in the cold season, show a sig-
nificant negative impact of higher greenhouse-gas levels on
streamflow, which could be explained through the increased
evaporation due to global warming more than offsetting the
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Fig. 10. (a) Annual global temperature and coterminous US precipitation, 1901-2005. Blue squares are years from 1901-
1970, red circles are years from 1971-2005. The solid line is the least-squares regression line for the entire period, while the
blue and red dashed lines are regression lines for the periods 1901-1970 and 1970-2005 respectively. While over the whole
period precipitation is significantly positively correlated with temperature (R2 = 0.12), the correlation is weaker and not
significant for the two subperiods. (b) Annual global temperature and coterminous US streamflow, 1920-2005. Blue squares
are years from 120-1970, red circles are years from 1971-2005. The solid line is the least-squares regression line for the entire
period, while the blue and red dashed lines are regression lines for the periods 1920-1970 and 1970-2005 respectively. Here
the correlation for the entire period is weak (R2 = 0.04) and not significant, and is negative (but still nonsignificant) for the
two subperiods.
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Fig. 10. (a)Annual global temperature and coterminous US pre-
cipitation, 1901–2005. Blue squares are years from 1901–1970, red
circles are years from 1971–2005. The solid line is the least-squares
regression line for the entire period, while the blue and red dashed
lines are regression lines for the periods 1901–1970 and 1970–2005
respectively. While over the whole period precipitation is signif-
icantly positively correlated with temperature (R2=0.12), the cor-
relation is weaker and not significant for the two subperiods.(b)
Annual global temperature and coterminous US streamflow, 1920–
2005. Blue squares are years from 1920–1970, red circles are years
from 1971–2005. The solid line is the least-squares regression line
for the entire period, while the blue and red dashed lines are regres-
sion lines for the periods 1920–1970 and 1970–2005 respectively.
Here the correlation for the entire period is weak (R2=0.04) and not
significant, and is negative (also nonsignificant) for the two subpe-
riods.

increased plant water use efficiency due to higher CO2 con-
centrations. Our inference that total evaporation, including
plant transpiration, is stable or increasing with warming is
consistent with in situ measurements of evaporation using
weighing lysimeters (Golubev et al., 2001).

We found that the positive CO2 impact on streamflow is
strongest compared to the negative temperature impact in
parts of the United States where summer precipitation dom-
inates. This pattern agrees with the expectation that the im-
pact of increased plant water use efficiency on streamflow

should be relatively largest where precipitation is concen-
trated during the growing season and therefore is used by
plants rather than running off and contributing to streamflow,
as opposed to where most precipitation occurs in winter so
that growing-season transpiration has a relatively smaller im-
pact on streamflow (Wigley et al., 1984). By contrast, abiotic
evaporation increases with temperature regardless of season
or CO2 level.

4.2 What do observed trends suggest about future moisture
regimes?

Our results show that fitting a linear trend to streamflow data
can be highly misleading for understanding decadal variabil-
ity and for extending observed patterns into the future. While
coterminous United States streamflow and precipitation have
indeed increased in recent decades, this increase took place
abruptly over a few years around 1970, rather than as part of
a steady “acceleration of the hydrologic cycle” in step with
greenhouse gas concentrations or global warming. Thus, at
least for the US there is no clear reason to expect continued
increases in streamflow with greater warming. If precipita-
tion follows its post-1970 trend and fails to increase strongly
with additional warming, streamflow would likely continue
to decrease, as it has since the early 1990s, over at least some
parts of the US due to increased evaporative demand incom-
pletely offset by the physiological impact of CO2 on plant
transpiration. Indeed, increasing drought over the United
States since the early 1990s is proposed to have caused a
reduction in the summer drawdown of atmospheric CO2 ob-
served at Mauna Loa, as water stress reduced plant carbon
uptake during the growing season (Buermann et al., 2007).
The global trend since the 1970s has also been toward more
frequent drought occurrence (Dai et al., 2004). Extending
our work through mapping streamflow trends in other land
areas where many long records are available would help give
a clearer picture of how decadal hydrologic variability and
the effects of greenhouse warming on the water cycle vary
between continents and biomes.

Considering only annual mean streamflow and precipita-
tion may not be sufficient for understanding past and future
changes in water stress and water resource availability. For
example, part of the increase in streamflow observed in the
Great Plains that our regression analysis attributed to increas-
ing atmospheric CO2 could instead be due to reduced inter-
annual precipitation variability (Garbrecht and Rossel, 2002)
or to a disproportionate increase in cold-season (as compared
with summer) precipitation (Garbrecht et al., 2004). Our in-
terpolation technique could equally well be applied to sea-
sonal or monthly as well as annual mean streamflow, and
thus distinguish the hydrologic impacts of these as well as
other seasonally specific factors such as advances in spring
snowmelt and changing vegetation phenology. Changes in
precipitation intensity (Groisman et al., 2001) as well as pre-
cipitation amount might also affect streamflow and other
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aspects of the water cycle. Comparing trends in gridded
streamflow from a larger gauge network with the trend es-
timated using HCDN offers one way to validate model as-
sessments of the impact on streamflow of human land use
and water diversion, whereas in this study we chose to ob-
tain trend estimates that exclude land use impacts insofar as
possible. Finally, combining gridded streamflow and precipi-
tation with remotely sensed water storage would give a fuller
picture of how climate variability is affecting stored soil wa-
ter and groundwater.

5 Conclusions

We developed maps of annual streamflow anomalies over the
coterminous United States using streamflow records selected
to reflect minimum direct impacts from human land distur-
bance and water diversion. We find that streamflow increased
around 1970 in concert with an increase in precipitation, but
has not increased since then. Our analysis supports net dry-
ing in some regions, and no change in others, as a result of
greenhouse warming, with tentative evidence for the oppos-
ing effects of warming and CO2 increase. Depending on how
this interplay between temperature and direct CO2 effect of
greenhouse gas emissions evolves, there is a high risk of re-
duced water supplies and increased plant water stress with
continued warming in coming decades.
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