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Abstract. An increasing trend in global streamflow has been
variously attributed to global warming, land use, and a reduction 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 Survey 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 concentrations 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 precipitation increased. Since the early 1990s, both precipitation
and streamflow show nonsignificant declining trends. Multiple regression of streamflow against precipitation, temperature 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 response 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 particularly important for sustaining high streamflow in recent
decades in the Great Plains, where precipitation is concentrated during the growing season.
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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 attempts 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 testing 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 increasing 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) analyze runoff records for 221 large rivers, estimating missing
values using wavelet transforms. For the periods 1900–1975
(corresponding to Probst and Tardy’s end year) and 1925–
1994, they find increasing streamflow in Africa, the Americas, 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 regression of runoff on annual global temperature gives a 4%
increase per K warming.
Although Labat et al.’s claim that warming has led to globally increasing streamflow has been challenged on statistical grounds and for failing to account for the impact of land
use change on streamflow (Legates et al., 2005), modeling
groups have used Labat et al.’s work as a starting point to investigate what processes could be causing streamflow to increase. 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 by Labat et al. (2004). They
find that observed climate changes are insufficient to explain the streamflow increase, while changes in land use are
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we scaled the gridded normalized streamflows by the gridded 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.
www.hydrol-earth-syst-sci.net/12/1111/2008/

Hydrol. Earth Syst. Sci., 12, 1111–1120, 2008

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

1114

250

yearly
10!year moving average

850

(a)

200

150

precipitation (mm/y)

(a)

streamflow (mm/y)

streamflow (mm/y)

250

200

150

100

streamflow uncertainty (mm/y)

60

1880

1900

1920

1940

1960

1980

2000

(b)

50
40
30

atmospheric CO2 (ppm)

380

global temperature departure (K)

100

(c)

360
340
320
300
1920 1940 1960 1980 2000

(b)

800
750
700
650

0.6

(d)

0.4
0.2
0
!0.2
!0.4
1920 1940 1960 1980 2000

20

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
0
1880
1900
1920
1940
1960
1980
2000
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
imated yearlyFig.
streamflow
for theyearly
coterminous
United
States,
along with
a 10-year moving average.
(b)
4. (a) Estimated
streamflow
for the
coterminous
United
relative
to
the
1961–1990
mean.
e estimated yearly streamflow.
States, along with a 10-year moving average. (b) Uncertainty of the
estimated yearly streamflow.
10

n atmospheric CO2 (100 ppm is equal
n CO2 concentration from preindustrial
3 Results
ade of the 2000s)
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fluctuations
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In in
fact,
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pectation that the impact of increased plant water
ability of streamflow that can be explained by precipitation
early 1990s, over at least some parts of the US due to
efficiency on streamflow
should be relatively largest
(R 2 =0.70).
fluctuations was smallest in the Great Plains, where summer
increased evaporative demand incompletely offset by the
ere precipitation is concentrated during the growOuris gridded
streamflow
product
permits impact
us to compare
not transpiration.
precipitation
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Inseason and therefore
used by plants
rather than
deed, increasing
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the summer
of atmospheric
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Loa, as water
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(Wigleypatterns
et al., 1984).
By contrast,
in precipitation
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comparable
effective
res- planttation
and strongest in the moist east and the Pacific
take during the growing season (Buermann et al., 2007).
otic evaporation increases with temperature regardolution
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particular
time
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example,
Fig.
7
coast
(Fig.
8b;
Table
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s of season or CO2 level.
shows maps of interdecadal change
in streamflow
and premore frequent
drought occurrence
(Dai et al.,mer
2004).
Exprecipitation
a greater fraction of precipitation evapotending
our work throughprecipitamapping streamflow trends in
What do observed
trends Between
suggest about
future
cipitation.
1945–1965
and 1970–1990,
rates than in areas where winter precipitation dominates (Taother land areas where many long records are available
moisture regimes?
tion increased over most of the would
US, with
a
particularly
proble 1).
help give a clearer picture
of how decadal
hydrologic
and over
the effects
of greenhouse warming
nounced
increase
northeast,
butvariability
decreased
Florida
r results show that
fitting a linear
trendin
to the
streamflow
on the water cycle vary between continents and biomes.
ta can be highly and
misleading
for understanding
decadal1970–1990
the northwest.
Between
and 1995–2007 pre3.2 Impact of global warming and atmospheric CO2 on
Considering only annual mean streamflow and precipiability and for extending observed patterns into
cipitation
increased
in
the
upper
Great
Plains
and
northern
future. While coterminous United States streamitation may not be sufficient for understanding paststreamflow
and
w and precipitation
have indeed
in recent
future changes
in waterregion
stress and
water resource availCalifornia
butincreased
decreased
in the Rocky
Mountain
and

in the southeast. In both cases, streamflow shows quite similar 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 between precipitation and streamflow change shows that precipitation mostly goes into streamflow in the moist east (regression 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 coefficient (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 precipitation that falls during the warmest six months of the
www.hydrol-earth-syst-sci.net/12/1111/2008/

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 evaporation rates, and
the latter by affecting plant water use efficiency. One difference between the two kinds of impact 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 water 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 combination of the physiological impact of high CO2 on plant
Hydrol. Earth Syst. Sci., 12, 1111–1120, 2008
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Table 1. Streamflow variability for the coterminous US and for regions grouped by precipitation seasonality.

Area (106 km2 )
Mean precipitation (mm/year)
Mean streamflow (mm/year)

Entire coterminous US

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

7.85
736
151

0.68
748
311

3.93
837
211

3.19
599
39

0.88
0.49±0.02∗∗

0.82
0.69±0.04∗∗

0.55
0.31±0.03∗∗

126

542

475

0.89
−27±11∗

0.82
−10±13

0.57
+17±11

0.83
+42±24

0.57
+32±20

−66±26∗

−19±21

Regression of streamflow against precipitation
0.70
Regression R 2
Streamflow: precipitation regres- 0.54±0.04∗∗
sion coefficienta
463
Intercept (mm/year)b
Regression of streamflow against precipitation and pCO2
0.70
Regression R 2
−3±12
Streamflow: CO2
regression coefficientc

Regression of streamflow against precipitation, pCO2 , and temperature
0.72
0.90
Regression R 2
+37±21
+20±21
Streamflow: CO2
regression coefficient
−52±22∗
−59±22∗∗
Streamflow:temperature
regression coefficientd

∗ 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 CO
2
d mm/year streamflow per K

precipitation, while CO2 level showed a nonsignificant 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 streamflow adjusted for precipitation and CO2 change. Similar regressions using Northern Hemisphere (CRU) or local (GHCN) temperature series
instead of global temperature give qualitatively similar results (not shown), with a negative correlation of streamflow
with temperature alongside a (usually nonsignificant) positive correlation of streamflow with CO2 level.

4
4.1

Discussion
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 corwww.hydrol-earth-syst-sci.net/12/1111/2008/

relation of +0.35 (p<0.001) because the higher precipitation
after 1970 corresponds to warmer global temperatures, segmenting 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 with p>0.05). This
jump in precipitation has been tentatively linked with changing circulation patterns in the Atlantic Ocean, possibly reinforced by increasing aerosol emissions in the 1960s (Baines
and Folland, 2007). Thus, there is no clear response of
coterminous United States precipitation to global temperature in the observational record. Coterminous United States
streamflow similarly jumps round 1970, with no significant
response to global temperature when the time series is segmented (Fig. 10b).
Absent a direct effect of greenhouse warming on coterminous US precipitation, parts of the US, specifically those
where most precipitation falls in the cold season, show a significant 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
Hydrol. Earth Syst. Sci., 12, 1111–1120, 2008
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should be relatively largest where precipitation is concentrated 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 impact on streamflow (Wigley et al., 1984). By contrast, abiotic
evaporation increases with temperature regardless of season
or CO2 level.
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What do observed trends suggest about future moisture
regimes?
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Our results show that fitting a linear trend to streamflow data
can be highly misleading for understanding decadal variabil300
ity and for extending observed patterns into the future. While
(=)
coterminous United States streamflow and precipitation have
250
indeed increased in recent decades, this increase took place
abruptly over a few years around 1970, rather than as part of
200
a steady “acceleration of the hydrologic cycle” in step with
greenhouse gas concentrations or global warming. Thus, at
150
least for the US there is no clear reason to expect continued
increases in streamflow with greater warming. If precipita100
tion follows its post-1970 trend and fails to increase strongly
with additional warming, streamflow would likely continue
50
!0.5
0
0.5
to decrease, as it has since the early 1990s, over at least some
tem.erat0re de.art0re (3)
parts of the US due to increased evaporative demand incompletely offset by the physiological impact of CO2 on plant
Indeed, increasing drought over the United
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Considering only annual mean streamflow and precipitaHere the correlation for the entire period is weak (R 2 =0.04) and not
tion may not be sufficient for understanding past and future
significant, and is negative (also nonsignificant) for the two subpechanges in water stress and water resource availability. For
riods.
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 interincreased plant water use efficiency due to higher CO2 conannual precipitation variability (Garbrecht and Rossel, 2002)
centrations. Our inference that total evaporation, including
or to a disproportionate increase in cold-season (as compared
plant transpiration, is stable or increasing with warming is
with summer) precipitation (Garbrecht et al., 2004). Our inconsistent with in situ measurements of evaporation using
terpolation technique could equally well be applied to seaweighing lysimeters (Golubev et al., 2001).
sonal or monthly as well as annual mean streamflow, and
We found that the positive CO2 impact on streamflow is
thus distinguish the hydrologic impacts of these as well as
strongest compared to the negative temperature impact in
other seasonally specific factors such as advances in spring
parts of the United States where summer precipitation domsnowmelt and changing vegetation phenology. Changes in
inates. This pattern agrees with the expectation that the imprecipitation intensity (Groisman et al., 2001) as well as prepact of increased plant water use efficiency on streamflow
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 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. Finally, 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 streamflow increased
around 1970 in concert with an increase 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 warming, with tentative evidence for the opposing 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 reduced water supplies and increased plant water stress with
continued warming in coming decades.
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