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2.1. INTRODUCTION

Runoff, the lateral flow of water on or below land sur-
face, is an important water flux that is difficult to measure 
directly. As a result, land surface and hydrological models 
have been used to simulate runoff fields [e.g., Döll et al., 
2003; Rodell et al., 2004; Qian et al., 2006). The model‐
simulated runoff may contain significant biases due to 
errors in the meteorological forcing data and model 
physics. Streamflow, the flow of water in streams, rivers, 
and other channels, integrates runoff from upstream of a 
river basin, and it has been monitored by stream gauges 
at thousands of locations around the world [GRDC, 

2013]. Thus, historical records of streamflow provide a 
measure of basin‐integrated runoff, and they have been 
used to calibrate model‐simulated runoff fields [Fekete 
et al., 2002]. However, an observation‐based or calibrated 
data set of historical monthly series of runoff fields over 
global land is still lacking.

Integrating all the runoff and streamflow leaving the 
continents, one can estimate the continental freshwater 
discharge (i.e., the amount of water leaving the continents) 
or runoff into the oceans [Baumgartner and Reichel, 1975; 
Fekete et al., 2002; Dai and Trenberth, 2002; Dai et al., 
2009]. This continental discharge is an important part 
of  the global water cycle [Trenberth et al., 2007], as the 
oceanic net water flux into the atmosphere is returned back 
into the seas, thereby maintaining a long‐term balance of 
freshwater in the oceans. The discharge from rivers also 
brings large amounts of minerals and nutrients from land 
into the seas [e.g., Boyer et al., 2006]; thus it also plays a key 
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ABSTRACT

Streamflow trends from 1948 to 2012 are statistically significant only in 55 (27.5%, 29 negative vs. 26 positive) 
of the world’s largest 200 rivers. Continental runoff decreased slightly from 1949 to 1993, it then recovered to 
slightly above the 1950–1980 mean. The streamflow and runoff changes are consistent with precipitation records, 
and they all show decreases from 1950 to 2012 over most Africa, East and South Asia, eastern Australia, the 
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Australia; but decrease by 5%–50% over the Mediterranean region, southwestern North America and Central 
America, northern and southern South America, southern Africa, and southwestern and southeastern Australia. 
The projected change patterns in precipitation, runoff, and streamflow are similar, with a fairly constant runoff 
ratio during the 21st century.
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role in global biogeochemical cycles. Unlike evaporation 
over oceans, continental discharge occurs mainly at the 
mouths of world’s major rivers, forcing ocean circulations 
regionally through changes in density [Carton, 1991].

Besides its important role in the climate system, conti-
nental runoff also represents the freshwater resource 
available to all inhabitants living on land [Oki and Kanae, 
2006]. As world’s population continues to grow, there are 
increasing demands for freshwater [Bogardi et al., 2013], 
and our groundwater resources are depleting [Wada et al., 
2010]. Thus, variability and long‐term changes in conti-
nental runoff are of great concern to water management, 
especially under a changing climate [Vörösmarty et al., 
2000; Oki and Kanae, 2006; Arnell and Lloyd‐Hughes, 
2014; Haddeland et al., 2014; Schewe et al., 2014].

There are a large number of analyses of streamflow 
over individual river basins [e.g., Ye et al., 2003; Yang 
et al., 2004a,b; Xiong and Guo, 2004; Krepper et al., 2006; 
Espinoza Villar et al., 2009], countries [e.g., Guetter and 
Georgakakos, 1993; Lettenmaier et al., 1994; Lins and 
Slack, 1999; Groisman et al., 2001; Zhang et al., 2001; 
Robson, 2002; Hyvärinen, 2003; Lindstrom and Bergstrom, 
2004; Birsan et al., 2005; Shiklomanov et al., 2006, 2007; 
Piao et al., 2010; Giuntoli et al., 2013], and regions [Genta 
et al., 1998; Lammers et al., 2001; Cluis and Laberge, 2001; 
Groisman et al., 2004; Pasquini and Depetris, 2007; Stahl 
et al., 2010]. Streamflow records for world’s major rivers 
show large decadal to multidecadal variations, with small 
secular trends for most of them [Cluis and Laberge, 2001; 
Lammers et al., 2001; Pekárová et al., 2003; Dai, 2009; 
Labat, 2010]. Increased streamflow during the later half of 
the twentieth century has been reported over regions with 
increasing precipitation, such as many parts of the United 
States [Lins and Slack, 1999; Groisman et al., 2001; Qian 
et al., 2007], northern high latitudes [Peterson et al., 2002; 
Rawlins et al., 2006], and southeastern South America 
[Genta et al., 1998; Pasquini and Depetris, 2007]. 
Decreased streamflow was reported over many Canadian 
river basins during the last 30–50 yr of the twentieth cen-
tury [Zhang et al., 2001], and in Africa, South and East 
Asia, southern Europe, and eastern Australia [Dai et al., 
2009], where precipitation had decreased since around 
1950. Because large dams and reservoirs were built along 
many of world’s major rivers during the last 100 years 
and they can dramatically change the seasonal flow rates 
(e.g., by increasing winter low flow and reducing spring/
summer peak flow) [Cowell and Stoudt, 2002; Ye et al., 
2003; Nilsson et al., 2005; Döll et al., 2009; Biemans et al., 
2011], trends in seasonal streamflow rates [e. g., Lammers 
et al., 2001] should be interpreted cautiously. Nevertheless, 
there is evidence that the rapid warming since the 1970s 
has caused an earlier onset of spring that induces earlier 
snowmelt and associated peak streamflow in the western 
United States [Cayan et al., 2001] and New England of 

the United States [Hodgkins et al., 2003] and earlier 
breakup of river ice in Russian Arctic rivers [Smith, 2000] 
and many Canadian rivers [Zhang et al., 2001].

There are also global analyses of river outflow to 
quantify the mean, variations, and changes in continental 
freshwater discharge into the oceans, although a lack of 
reliable, truly global data sets induces large uncertainties 
in such estimates [Peel and MacMahon, 2006]. Most 
earlier estimates of long‐term mean continental discharge 
are based on interpolation of in situ gauge observations 
[Marcinek, 1964; Baumgartner and Reichel, 1975; Grabs 
et al., 1996; Korzun, 1978; L’vovich, 1979; Dettinger and 
Diaz, 2000]. More recent estimates use as much down-
stream gauge data as possible and model‐simulated run-
off and streamflow to estimate the contributions from the 
ungauged areas [Dai and Trenberth, 2002; Dai et al., 2009; 
Clark et al., 2015]. There are also other estimates using a 
combination of observations and model simulations 
[Döll et al., 2003; Fekete et al., 2000; Fekete et al., 2002; 
Wilkinson et al., 2014], pure model simulations [McCabe 
and Wolock, 2011; Nijssen et al., 2001; Oki et al., 2001; 
Alkama et al., 2011; Munier et al., 2012], or simple land 
surface water balance [Syed et al., 2009]. Since many land 
surface and hydrological models still have large mean 
biases in simulating runoff fields due to errors in the 
forcing data and model physics [Rodell et al., 2004; Qian 
et al., 2006], pure model‐simulated runoff fields should 
be used with caution. Recent satellite observations have 
also been used to estimate changes in continental fresh-
water discharge [Syed et al., 2010].

Attempts to quantify long‐term changes in continental 
discharge are relatively few, partly due to a lack of data. 
Probst and Tardy [1987, 1989] reported, based on records 
from only 50 major rivers (accounting for ~13% of global 
runoff), time series of freshwater discharge from each 
continent from the early twentieth century to 1980. Their 
results show large decadal to multidecadal variations in 
discharges from individual continents and an upward 
trend in discharge from South America. Labat et al. [2004] 
reported an increasing trend in global river discharge 
associated with global warming during the twentieth 
century based primarily on records from only 10 rivers. 
This increasing trend has motivated several studies to 
attribute the runoff increases either to increased water use 
efficiency by plants under rising CO2 levels [e.g., Gedney 
et al., 2006] or land use and climate changes [Piao et al., 
2007]. However, the result of Labat et al. [2004] was ques-
tioned by Legates et al. [2005], Peel and McMahon [2006], 
and Dai et al. [2009] on the basis of insufficient stream-
flow data and inclusion of nonclimatic changes such as 
human withdrawal of stream water [Döll et al., 2009; 
Biemans et  al., 2011]. The most recent comprehensive 
analyses [Milliman et al., 2008; Dai et al., 2009] do not 
show an upward trend in global continental discharge. 
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Dai et al. [2009] analyzed available records of streamflow 
from farthest downstream stations on the 925 largest riv-
ers that monitor ~80% of the global ocean‐draining land 
areas and capture ~73% of the continental runoff. They 
found that annual discharges in about one third of the 
200 largest rivers show statistically significant trends dur-
ing 1948–2004, with the rivers having downward trends 
(45) outnumbering those with upward trends (19). 
Another recent analysis [Alkama et al., 2013] also suggests 
insignificant streamflow trends for most major rivers.

One of the major obstacles in estimating continental 
discharge is incomplete (i.e., with gaps) or very short 
station records of streamflow that only cover a fraction 
of global land areas. Several methods have been applied 
to account for the contribution from the unmonitored 
areas in estimating long‐term mean discharge [e.g., Perry 
et al., 1996; Fekete et al., 2002; Dai and Trenberth, 2002], 
but this issue has largely been ignored in long‐term 
change analyses performed by Probst and Tardy [1987, 
1989] and Labat et al. [2004]. Since the monitored drain-
age areas by the stations with data vary with time, a 
simple summation of available streamflow records from a 
selected network will likely contain discontinuities. Labat 
et al. [2004] alleviated this problem by creating a complete, 
reconstructed time series for each river using the wavelet 
transform of available records. Dai et al. [2009] filled the 
data gaps using correlated streamflow data from upstream 
stations or from model simulations through regression, 
and estimated runoff from the unmonitored areas 
using simulated data by a land surface model forced by 
observation‐based meteorological data.

Greenhouse gas (GHG)‐induced‐climate change has 
the potential to change runoff and alter river flow regimes, 
as shown in a large number of modeling studies [see 
Collins et al., 2013; Arnell and Gosling, 2013; van Vliet 
et al., 2013; Koirala et al., 2014; and references therein]. By 
the end of the 21st century under future GHG emissions 
scenarios, climate models project increased annual runoff 
over most land areas except some subtropical areas such 
as southern Europe and other regions around the 
Mediterranean Sea, southwestern North America and 
central America, southern Africa, and parts of South 
America, where precipitation decreases [Collins et al., 
2013]. The increases over northern high latitudes are 
especially large due to large percentage increases in 
precipitation over these regions. As a result of the runoff 
changes, river mean and high flow rates are projected to 
increase in Asia, northern Europe, high‐latitudes of North 
America, and decrease in southern Europe and southern 
North America [e.g., Milly et al., 2002, 2005; Nohara 
et al., 2006; Dankers and Feyen, 2009; Hirabayashi et al., 
2008, 2013; Kundzewicz et al., 2010; Tang and Lettenmaier, 
2012; Davie et al., 2013; Dankers et al., 2014; Koirala et al., 
2014; van Vliet et al., 2013]. Further, low flow rates are 

also projected to increase across northern high latitudes 
and Asia, and decrease in Europe and South America 
[e.g., Hirabayashi et al., 2008; Döll and Schmied, 2012; 
Arnell and Gosling, 2013; Koirala et al., 2014], while the 
number of hydrological, agricultural, and other droughts 
is projected to increase in most regions of the world 
[Wang, 2005; Sheffield and Wood, 2008; Dai, 2011a, 2013a; 
Prudhomme et al., 2014; Cook et al., 2014]. However, there 
exists substantial variability in the projected changes in 
runoff and river discharge among the climate scenarios 
and among the individual models [Collins et al., 2013; van 
Vliet et al., 2014]. A consensus appears to be on shifts in 
the timing of river flow regimes where snowmelt is a key 
driver of the hydrological regime [Adam et al., 2009].

We emphasize that regional precipitation [Dai, 2013b] 
and thus regional runoff and streamflow [Dai et al., 2009] 
often show large decadal to multidecadal variations in 
observations and individual climate model runs resulting 
from internal climate variability. These internal variations 
are realization‐dependent, and thus are not comparable 
between observations and model runs or among different 
model runs. Further, they can exhibit apparent trends in 
relatively short records (e.g., < 60 years) that can be easily 
mistaken as GHG‐induced long‐term changes [Hegerl 
et  al., 2015]. Thus, extreme caution must be taken when 
comparing observed and climate model‐simulated histori-
cal changes in runoff and streamflow. Furthermore, human 
activities, such as withdrawal or diversion of stream water, 
building large dams and reservoirs, and land‐use changes, 
may induce decadal and long‐term changes in streamflow. 
Thus, it is important to compare changes in multiple river 
basins and examine spatial patterns inferred by the stream-
flow records, since trends in individual streamflow records 
may be influenced by local human influences. Based on 
global hydrological modeling, Döll et al. [2009] found that 
long‐term mean global discharge into the oceans and 
inland sinks has been reduced by 2.7% due to water with-
drawals, and by 0.8% due to dams. However, this appears 
to be a major factor only for arid to semiarid river basins 
[Milliman et al., 2008], while climate forcing still predomi-
nates for most of world’s large rivers [Dai et al., 2009].

For future projections, large internal variability, which 
is unpredictable by current climate models, induces large 
uncertainties in model‐projected runoff and streamflow 
for specific regions and future decades. To focus only on 
the GHG‐induced changes, many studies have used mul-
timodel ensemble averaging to smooth out the internal 
variability [e.g., Collins et al., 2013], but for the real world 
and in individual model runs, the large internal variability 
may dominate over the GHG‐induced long‐term change 
for the next several decades over many regions. This pre-
sents a big challenge for decadal prediction of runoff and 
river discharge as current models are unable to predict 
the large unforced internal variations.
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2.2. STREAMFLOW AND RUNOFF DATA

For evaluating climate models and global analyses, sev-
eral global streamflow data sets have been compiled [e.g., 
Perry et al., 1996; Grabs et al., 1996, 2000; Bodo, 2001; Dai 
and Trenberth, 2002; Dai et al., 2009; Hannah et al., 2011; 
GRDC, 2013]. As a result of these efforts, global stream-
flow data sets are archived at and available from several 
data centers, including the Global Runoff Data Centre 
(GRDC; http://grdc.bafg.de), the National Center for 
Atmospheric Research (NCAR; http://dss.ucar.edu/
catalogs/ranges/range550.html), and the University of 
New Hampshire (http://www.r‐arcticnet.sr.unh.edu/v3.0/
index.html). The streamflow and discharge data compiled 
by Dai and Trenberth [2002] and Dai et al. [2009] have also 
been freely available online (http://www.cgd.ucar.edu/ 
cas/catalog/surface/dai‐runoff/index.html). Nevertheless, 
updated streamflow data are still very difficult to obtain 
for many rivers in Asia and Africa. For  rivers in North 
America, continuously updated streamflow data can be 
freely downloaded from the U.S. Geological Survey (http://
nwis.waterdata.usgs.gov/nwis/) and Environment Canada 
(http://www.wsc.ec.gc.ca/applications/H2O/index‐eng.
cfm), but it still requires tedious efforts to obtain and pro-
cess the data for all major North American rivers. Updated 
streamflow data for many Brazilian rivers (including the 
Amazon) can also be  downloaded from http://hidroweb.
ana.gov.br/, which is in Portuguese. Streamflow data for 
some rivers (e.g., Congo and Niger) in West and Central 
Africa were available online from the Hydrologic Cycle 
Observation System for West and Central Africa 
(AOCHYCOS; http://aochycos.ird.ne/INDEX/INDEX.
HTM), but this site is no longer working.

The GRDC database, consisting of more than 9000 
stations (Figs. 2.1–2.2), provides the most comprehensive 
streamflow data for the world. Figure  2.1 shows that 
stream gauges have good coverage over the Americas, 
Europe, Russia, Australia, and even Africa. But the cov-
erage is poor over East and South Asia, and the record 
length is short or needs updates for African stations. The 
availability of discharge data in the GRDC database 
reaches a maximum with over 7000 stations in the late 
1970s but then declines sharply, especially for the last 
couple of years (Fig.  2.2). The most recent decline is 
largely due to the time lag for the observations to be 
included in the GRDC database, but the long‐term 
decreasing trend since around 1978 is consistent with that 
shown by Shiklomanov et al. [2002]. It results from the 
actual reduction in the monitoring gauges in some coun-
tries [Shiklomanov et al., 2002], and the increasing reluc-
tance for many countries (e.g., in Asia and Africa) to 
share their streamflow data as water has become an 
important strategic resource [U. Looser, personal comm., 
2014]. Also, as a WMO data center, the GRDC is limited 

to use data obtained only through official channels and is 
prohibited from gathering and distributing data from 
online sources [U. Looser, personal comm., 2014]. This 
delays the update of the GRDC database. Because of the 
lack of new data, it is difficult to update global analyses 
of continental discharge. such as Dai et al. [2009]. Efforts 
through United Nations agencies and other international 
collaborations (such as the GRDC) are urgently needed 
to obtain updated streamflow data from Asian, African, 
and many other countries for scientific research.

2.3. HISTORICAL CHANGES IN STREAMFLOW 
AND RUNOFF

I obtained new streamflow data from the GRDC and 
the other online sources mentioned in Section 2.2 for the 
world’s 264 largest rivers, and updated the global analysis 
of Dai et al. [2009 to 2012; up to early 2014 for many 
large rivers]. Here, I provide an overview of the long‐term 
(1948–2012) changes in streamflow for world’s largest 
rivers and in global continental runoff mainly based on 
the results from the update done here and Dai et al. 
[2009]. Figure 2.3 shows that for many of the major rivers 
in North America, Europe, and South America, the 
streamflow record at the farthest downstream station is 
almost complete for 1948–2013. However, publicly avail-
able records of streamflow for many large rivers in South 
and East Asia, Africa, and also South America are very 
short (<20 yr) and thus insufficient for estimating long‐
term changes. I found that basin‐averaged water‐year 
(October–September) mean Palmer Drought Severity 
Index (PDSI) [Dai, 2011b], precipitation, and model‐
simulated runoff [from Dai et al., 2009, for 1948–2004 
only] were often highly correlated (with correlation coef-
ficient r ≈ 0.4–0.9) with observed streamflow, and thus 
one of them (with the highest r) was used to fill the data 
gaps in the water‐year streamflow data series through 
linear regression obtained over the period when both 
data were available. The use of October (of previous year) 
to September (of current year) mean increases the 
correlation with the October–September streamflow, as 
snowfall of the previous winter contributes to the stream-
flow in the same water year. This also minimizes the effect 
of dams, which have large impacts on seasonal flows but 
usually not on yearly flows [Ye et al., 2003; Döll et al., 
2009; Biemans et al., 2011].

Figures 2.4–2.5 show the time series of the water‐year 
mean streamflow at the farthest downstream station for 
world’s 12 largest rivers from observations (thick solid 
line), with data gaps filled using PDSI, precipitation, or 
simulated runoff data as mentioned above (thin solid line). 
Also shown (dashed line) is the basin‐averaged water‐year 
mean precipitation anomaly (normalized by its standard 
deviation) from rain‐gauge observations [from GPCC v6, 
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Schneider et al., 2014; extended to 2013 with data for 2011–
2013 from GPCP v2.2, Huffman et al., 2009].

Interannual variations and decadal and long‐term 
changes in the observed streamflow (R) and precipitation 
(P) are closely correlated for most of the rivers, with r 
ranging from about 0.6 to 0.9. One exception is the Yenisey 
River, for which precipitation does not show an upward 
trend as in the streamflow from 1948 to 2012 (Fig. 2.5a), 
as noticed previously [e.g., Adam and Lettenmaier, 2008; 
Dai, 2009]. Figures  2.4–2.5 show that interannual and 
decadal variations dominate both the streamflow and 

precipitation series, although long‐term trends are evident 
in some of the streamflow series, for example, for 
Mississippi, Yenisey, Paraná, and Lena. Decadal varia-
tions and long‐term changes in runoff and precipitation 
are consistent with each other for most of the rivers shown 
in Figures 2.4–2.5. This suggests that these variations and 
long‐term changes are likely real (i.e., not resulting from 
observational errors since these errors for R and P are 
uncorrelated) and that direct human influences on the 
yearly mean streamflow [e.g., through damming and with-
drawal of stream water, Döll et al., 2009; Biemans et al., 
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Figure 2.1  Distributions of the 9009 GRDC stations with monthly streamflow data. Colors indicate the record 
ending years in (a) and the record length in years in (b) (adapted from Global Runoff Data Centre, Koblenz, 
Germany, http://GRDC.bafg.de, used with permission).
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Figure  2.4  Time series of yearly (October–September) mean streamflow rate (in km3 yr–1) from observations 
(thick solid line) and estimated using basin‐mean PDSI or precipitation (thin solid line) at the farthest downstream 
station for world’s first six largest rivers, with the river name (station name) shown on top of each panel. Also 
shown (dashed line) is the basin‐averaged precipitation anomaly (right ordinate, normalized by its standard 
deviation). The correlation r(D,P) between the thick solid and dashed lines is also shown.
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2011] are relatively small compared with climatic forcing, 
a conclusion also made by Dai et al. [2009] for most of the 
world’s major rivers. Substantial deviations between the R 
and P series do exist (Figs. 2.4–2.5), and they reflect influ-
ences on R from evapotranspiration, human activities 
(but only secondary compared with climatic forcing), and 
errors in the R and P data.

Long‐term (1948–2012) trends are found to be statis-
tically insignificant for most of  world’s largest rivers 
(Fig. 2.6). Out of  the 200 largest rivers, only 55 (27.5%) 
show statistically significant trends, with negative trends 
(29) outnumbering positive trends (26). The streamflow 
trends do, however, show coherent spatial patterns 
(Fig.  2.7a) that are broadly consistent with the trend 
patterns of  observed precipitation from 1950 to 2012 
(Fig.  2.7b). Thus, these trends result mainly from 
changes in precipitation rather than statistical noises. 
In other words, they are physically meaningful although 
they may be statistically insignificant locally. Figure 2.7 
shows that from about 1950 to 2012, precipitation and 
runoff  have decreased over most of  Africa, East and 
South Asia, eastern coastal Australia, the southeast and 
northwest United States, western and eastern Canada, 
and parts of  Brazil, but increased over Argentina and 
Uruguay, central and northern Australia, the central 
and northeast United States, central and northern 
Europe and most of  Russia. A large part of  these 
regional trends likely has resulted from multidecadal 
internal climate variations, especially the Interdecadal 
Pacific Oscillation [IPO, Dai, 2013b; Dong and Dai, 

2015], although the effect of  global warming is likely 
also important [Zhang et al., 2007; Gu and Adler, 2013].

Some regional discrepancies do exist between the 
streamflow‐inferred runoff trends and observed precipi-
tation trends shown in Figure 2.7. For example, over the 
Yenisey river basin (cf. Fig. 2.3), precipitation decreased 
in the downstream but increased in the upstream area 
(Fig. 7b), which results in little change in basin‐mean pre-
cipitation from around 1950 to 2012 (Fig. 2.5a). This is in 
contrast to increased streamflow and runoff in this basin 
(Fig. 2.5a and Fig. 2.7a). Other factors, including thawing 
of the permafrost and changes in evapotranspiration, 
may have contributed to the runoff increase over the 
Yenisey basin [Adam and Lettenmaier, 2008]. It is worth 
noting that runoff and precipitation over the other two 
large Russian river basins, namely the Ob and Lena 
(cf. Fig. 2.3), show consistent positive trends (Fig. 2.7).

Figure  2.8a shows the global continental discharge 
(excluding contributions from Greenland and Antarctica) 
as estimated by Dai et al. [2009] for 1949–2004 and by this 
study for 2005–2012. To extend the discharge series 
beyond 2004, I used the updated streamflow data for the 
largest 264 rivers to derive a yearly series of discharge 
from these rivers, which account for about 65% of 
the  global discharge. This estimated discharge is highly 
correlated (r = 0.91) with that from Dai et al. [2009] over 
1949–2004 (thick solid line in Fig. 2.8a), and thus is used 
to estimate the global discharge for 2005–2012 (thin solid 
line in Fig. 2.8a) through linear regression over 1949–2004 
with the thick solid line in Fig. 2.8a. For comparison, the 
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October–September mean precipitation anomaly aver-
aged over global land areas is also shown in Figure 2.8a 
(dashed line). Figure 2.8a shows that global continental 
discharge exhibits large year‐to‐year variations, with a 
weak downward trend from 1949 to 1993; thereafter, it 
has increased to levels slightly above those from the 1950s 
to 1980s. Land precipitation generally follows these 
decadal changes, and it also correlates with the discharge 
on interannual to multiyear timescales (Fig. 2.8a).

As noticed previously [e.g., Trenberth and Dai, 2007; 
Dai et al., 2009], both land precipitation and continental 
discharge are significantly correlated with the Niño3.4 
(170°W‐120°W, 5°S‐5°N) sea surface temperature (SST) 
anomalies (r = −0.71 for precipitation and −0.63 
for  discharge), with low (high) land precipitation and 

continental discharge during El Niño (La Niña) events 
(Fig.  2.8b). During warm El Niño events, many land 
areas in South Asia, Australia, southern and West Africa, 
Central America, and northern South America usually 
receive below‐normal precipitation, with only southern 
South America, the southern and central United States, 
and a few other land areas receiving above‐normal 
precipitation [Dai and Wigley, 2000]. This results in 
below‐normal precipitation and runoff over global land. 
These anomalies approximately reverse sign during cold 
La Niña events. Significant correlations (r = −0.50 to 
−0.61) were also found between the Niño3.4 SST index 
and the discharge into the Pacific, India, and Atlantic 
oceans, but not with the discharge into the Arctic Ocean 
and the Mediterranean and Black seas [Dai et al., 2009]. 
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Thus, El Niño‐Southern Oscillation (ENSO) is a major 
cause for the interannual to multiyear variations in land 
precipitation and continental discharge. The decadal‐
multidecadal, low‐frequency variations in the ENSO 
index, which are referred to as the Interdecadal Pacific 
Oscillations [IPO, Dai., 2013b], are also correlated with 
the decadal‐multidecadal changes in land precipitation 
and continental discharge [Fig. 2.8; Dong and Dai, 2015], 
although the ENSO‐induced interannual to multiyear 
variations dominate these time series. Therefore, decadal‐
multidecadal variations in the Pacific basin (namely 
the IPO) are also an important cause for decadal‐multi-
decadal variations in land precipitation and continental 
discharge.

2.4. MODEL‐PROJECTED FUTURE CHANGES 
IN RUNOFF AND STREAMFLOW

2.4.1. Hydroclimatic Changes in the 21st Century

Before discussing future runoff  and streamflow 
changes, we first examine model‐simulated changes in 
precipitation and other related fields (Fig. 2.9) based on 
an updated analysis of  Zhao and Dai [2015]. The change 
patterns shown in Fig. 2.9 are very similar to those of 
Collins et al. [2013], who showed the changes mostly in 
physical units instead of  percentage changes. Figure 2.9a 
shows that under the moderate RCP4.5 emissions 
scenario annual precipitation (P) could increase by 
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10%–25% from 1970–1999 to 2070–2099 over most of 
Eurasia, North America, and central to northern Africa, 
but decrease by 3%–15% over most of Australia, southern 
Africa, the regions around the Mediterranean, Central 
America, and northern South America, and southwest 
North America. The change patterns are similar under 
higher emissions scenarios except for larger magnitudes 
[Collins et al., 2013]. The precipitation decreases over sub-
tropical land areas are part of the larger subtropical dry-
ing zones that extend to the oceans [Collins et al., 2013]. 
The decreases of subtropical precipitation result from 
both the poleward expansion of the subtropical subsid-
ence zone [e.g., Lu et al., 2007; Scheff and Frierson, 2012] 
and the increased drying by the subsidence of the Hadley 
circulation due to increased vertical gradient of water 
vapor in a warmer climate [Chou et al., 2009]. The P 
increases in the deep tropics are mainly due to intensified 
moist convection [Chou et al., 2009], whereas the large P 
increases at northern midhigh latitudes are largely due to 
increased water vapor content (which increases 
precipitation intensity) and enhanced poleward moisture 
transport [Zhang et al., 2012] under a warmer climate.

Figure  2.9 shows that the pattern and magnitude of 
changes in surface evapotranspiration (ET) largely follow 
those for precipitation, while near‐surface soil moisture 
(SM) decreases over most land areas, including northern 
Europe, most of North America, and many parts of Asia, 
all of which receive more precipitation. Most of the 
increased precipitation evaporates (Fig. 2.9c) or runs off  
(Fig. 2.9d), rather than being used to increase soil mois-
ture in these areas. Besides being consistent with the 
increased evaporative demand [Scheff and Frierson, 2014; 
Zhao and Dai, 2015], the increased surface drying in spite 
of increased precipitation over many land areas is also 
consistent with the fact that most of the precipitation 
increase comes from increases in heavy precipitation, 
while the frequency of precipitation events decreases 
[Trenberth et al., 2003; Sun et al., 2007], resulting in more 
dry spells in a warmer climate [Meehl et al., 2007].

The runoff  (R) change pattern (Fig. 2.9d) roughly fol-
lows that of  precipitation, with decreases over southern 
Africa, northern South America and Central America, 
southwest North America, and southern and central 
Europe. One exception is Australia, where precipitation 
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decreases but runoff  does not change much, which is also 
shown by Collins et al. [2013]. This may be due to the fact 
that runoff  is low and decoupled with precipitation, 
which is largely evaporated over the dry continent (so that 
any increases in precipitation will not result in runoff). 
Overall, Figures 2.9b and 2.9d seem to suggest that future 
agricultural drought may become more widespread 
while hydrological drought may increase only over lim-
ited areas. This is expected because increased evaporative 
demand of moisture (Fig. 2.10) by a warmer atmosphere 
will reduce soil‐moisture content, while increased pre-
cipitation (especially intense precipitation) will lead to 
higher runoff  in spite of  more dry days. However, more 
detailed analyses [Prudhomme et al., 2014; Zhao and Dai, 
2015] show that the frequency of hydrological drought 
would increase over most land areas in the 21st century 
despite of  the increase in the mean runoff  over many 

land areas, primarily due to the flattening of the 
probability distribution function of runoff  in the future 
(Zhao and Dai, 2015).

The change patterns in near‐surface soil moisture 
(Fig. 2.9b) from the CMIP5 models are similar to those 
of the self‐calibrated Palmer Drought Severity Index 
with the Penman‐Monteith potential evapotranspiration 
(sc_PDSI_pm, Fig.  2.10a) calculated off‐line using the 
CMIP5 model output, as noticed previously by Dai 
[2013a]. Figure 2.10b shows that potential evapotranspi-
ration (PET) calculated using the Penman‐Monteith 
equation [Shuttleworth, 1993] increases everywhere over 
land in the 21st century by 5%–15% at low latitudes and 
by 10%–20% at northern mid‐ to high‐latitudes, consistent 
with previous reports [Feng and Fu, 2013; Scheff and 
Frierson, 2014]. This leads to a reduction of 0.03–0.15 in 
the P/PET ratio over many land areas (Fig. 2.10c), mostly 
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ate RCP4.5 scenario) over land in annual (a) sc_PDSI_pm, (b) potential evapotranspiration (PET) based on the 
Penman‐Monteith equation, (c) precipitation (P) vs. PET ratio (×100), and (d) runoff ratio (×100) estimated using 
data from the 14 CMIP5 models (12 for panel d). For reference, a sc_PDSI_pm value below –1 is considered 
drought and below –3 is considered severe to extreme drought for current climate [Palmer, 1965]. The sc_PDSI_
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over the regions with decreasing soil moisture and sc_
PDSI_pm. These three measures of aridity (soil moisture, 
sc_PDSI_pm, and P/PET) show consistent drying 
patterns. This increases our confidence in these aridity 
change patterns.

Runoff ratio (R/P) is a key parameter in hydrology. 
Figure 2.10d shows that this ratio would decrease slightly 
by 0.02–0.06 hundredths over northern mid‐ to high‐
latitude land areas, where precipitation increases faster 
than runoff (Fig. 2.9); whereas it would increase slightly 
or change little over low‐latitudes and the Southern 
Hemisphere. Averaged over global (60°S‐75°N) land 
areas, the global‐mean runoff ratio increases by ~2% 
from about 1990 to 2010 when the global‐mean P, ET, 
and R all increased rapidly (Fig. 2.11). Thereafter, how-
ever, the global‐mean runoff ratio does not change 
significantly over the 21st century, as the global‐land P, 
R, and ET show similar percentage increases of 4%–5% 
by the end of the 21st century under the RCP4.5 scenario. 
This is in contrast to the notion that runoff ratio may 
change due to increased heavy precipitation, drier surface, 
and higher water use efficiency by plants in a GHG‐
induced warmer climate. The interannual to multiyear 
variations in R are larger than those in P and E (Fig. 2.11). 
This can be explained by the approximate relationship 
among these terms that requires the percentage change 
for R to be much larger than that for P or E [Zhao and 
Dai, 2015].

2.4.2. Streamflow Changes in the 21st Century

As discussed in the introduction, many studies have 
shown that the mean and extreme flow rates are likely to 
increase for many of world’s major rivers under GHG‐
induced global warming in the 21st century. Very recently, 
Koirala et al. [2014] used a high‐resolution (15’) river 
routing model forced by daily runoff  fields from 11 
CMIP5 models under a high emissions (RCP8.5) sce-
nario to simulate future streamflow changes. Figure 2.12 
shows their 11 model ensemble‐averaged percentage 
changes from 1971–2000 to 2071–2100 in the mean (Qm), 
daily high (Q5, top 5 percentiles) and low (Q95, bottom 5 
percentiles) streamflow flow rates. It is clear that the 
mean streamflow changes are broadly comparable to the 
total runoff  changes (Fig. 2.9d) simulated directly by the 
CMIP5 models with coarser resolution. Figure  2.12a 
shows that mean streamflow (Qm) would increase by 
5%–80% over most of  Asia (40%–80% in northeastern 
and South Asia), northern Europe (10%–30%), northern 
(20%–40%) and eastern (10%–30%) North America, 
central (10%–30%) and eastern (50%–80%) Africa, 
southeastern (30%–60%) and northwestern (10%–20%) 
South America, and central (40%–60%) and northern 
(5%–20%) Australia; but decrease by 5%–50% over 
southern Europe (10%–30%), northern Africa (5%–30%) 
and other regions around the Black and Caspian seas 
(15%–50%), southwestern North America (15%–35%) 
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and Central America (5%–25%), most of  northern (5%–
20%) and southern (20%–40%) South America, southern 
Africa (10%–30%), and southwestern (10%–30%) and 
southeastern (5%–15%) coastal Australia. The percent-
age changes for the high flow rate (Q5) roughly follow 
those for the mean flow rate with similar magnitudes, 
except for central and northern Europe and southern 
Canada, where the high flow rate decreases while the 
mean rate increases. The high flow rate also increases 
over most northern South America, in contrast to the 
decreases in the mean flow rate.

Figure  2.12c shows that the low flow rate would 
change at much larger percentage rates than the mean 
and high flow rates, partly due to its smaller mean val-
ues. The increases in the low flow rate over most Eurasia 
(except southern Europe) and North America (except its 
Southwest) are particularly large, ranging from 50% to 
over 100%. The decreases over southern Europe, south-
western North America and Central America, and 
southern and central South America range from 15% to 
65% (Fig. 12c).

Similar to the runoff change (Fig. 2.9d), the consistency 
of the projected streamflow changes among the CMIP5 
models is low over many land areas, except for the north-
ern high latitudes, South Asia, East Africa, southern 
Europe, southwestern North America, and southern South 
America, where the consistency is high [Koirala et al., 
2014]. Furthermore, the intermodel consistency is higher 
for the changes in the low flow rate than for the mean and 
high flow rates [Koirala et al., 2014], partly due to its larger 
magnitude of change. This is expected because realization‐
dependent internal variability can contribute to the 
decadal‐mean changes projected by the models and over-
shadow the weak forced signal over many regions. Under 
the moderate emissions scenario RCP4.5, the projected 
changes in the streamflow rates show similar spatial 
patterns but with reduced magnitudes (~1/2 of Fig. 2.12), 
with the low flow rate still showing larger changes than the 
mean and high flow rates [Koirala et al., 2014]. One excep-
tion is over central and northern Australia, where the 
streamflow increase seen under the RCP8.5 (Fig. 2.12) is 
less clear under the RCP4.5, consistent with the runoff 
changes shown in Fig. 2.9d.

2.5. SUMMARY

Streamflow and continental runoff represent the 
renewable freshwater resource to human society and 
other inhabitants on land. Thus, their variations and 
long‐term changes are of great concern to us. While run-
off is difficult to measure directly, streamflow over most 
of world’s major rivers has been monitored by stream 
gauges for many decades, but recent streamflow data for 
many rivers in Asia and Africa are not made public and 

this hampers scientific research. More international 
efforts are needed to collect and compile streamflow data 
for scientific research.

An update of Dai et al. [2009] using available stream-
flow data from the world’s 264 largest rivers shows that 
long‐term (1948–2012) streamflow trends are statistically 
insignificant for most of the world’s major rivers, 
although large multiyear to decadal variations are seen in 
these data. Out of the 200 largest rivers, only 55 (27.5%) 
show statistically significant trends, with negative trends 
(29) outnumbering positive trends (26). Global continen-
tal discharge exhibits large year‐to‐year variations, with a 
weak downward trend from 1949 to 1993; thereafter, it 
has increased to levels slightly above those from the 1950s 
to 1980s. Land precipitation generally follows these 
decadal changes, and it also correlates with the discharge 
on interannual to multiyear timescales. This increases our 
confidence in these two records that are physically related 
but independently measured.

Although the streamflow trends during 1948–2012 for 
most rivers are statistically insignificant individually, 
these trends show coherent spatial patterns that are 
broadly consistent with observed precipitation changes. 
These patterns show that from about 1950 to 2012, pre-
cipitation and runoff have decreased over most of Africa, 
East and South Asia, eastern coastal Australia, the south-
east and northwest United States, western and eastern 
Canada, and parts of Brazil; but increased over Argentina 
and Uruguay, central and northern Australia, the central 
and northeast United States, central and northern 
Europe, and most of Russia. A large part of these regional 
trends likely has resulted from multidecadal internal 
climate variations, especially the Interdecadal Pacific 
Oscillation [IPO, Dai, 2013b; Dong and Dai, 2015], 
although the effect of global warming is likely also impor-
tant [Gu and Adler, 2013]. On multiyear timescales, 
Pacific SSTs (namely ENSO) also have a large influence 
on continental discharge and precipitation, with low 
(high) land precipitation and continental runoff during 
El Niño (La Niña) events.

CMIP5 models generally predict increased precipita-
tion (by 10%–25%) and runoff (by 5%–20%) in the 21st 
century under the moderate emissions scenario RCP4.5 
over most of Asia, northern Europe, North America 
(except its Southwest), eastern Africa, and southwestern 
South America, but decreased precipitation and runoff 
(by 5%–15%) over southern Europe, northern and 
southern Africa, southwestern North America, Central 
America, and northern South America. Over Australia, 
precipitation is projected to decrease but runoff changes 
little. Runoff ratio decreases slightly in the northern mid‐ 
to high latitudes but changes littler in the low latitudes, 
resulting in no trends in global‐mean runoff ratio during 
the 21st century.
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Mean streamflow rates simulated by an off‐line high‐
resolution river routing model [Koirala et al., 2014] forced 
by daily runoff output from the CMIP5 models show 
similar change patterns under a high (RCP8.5) and a 
moderate (RCP4.5) emissions scenario, and they are 
comparable to the runoff change patterns directly from 
the CMIP5 models. Under the RCP8.5 high emissions 
scenario in the 21st century, daily mean streamflow is 
projected to increase by 5%–80% over most of Asia, 
northern Europe, northern and eastern North America, 
central and eastern Africa, southeastern and northwest-
ern South America, and central and northern Australia; 
but decrease by 5%–50% over southern Europe, northern 
Africa and other regions around the Black and Caspian 
Seas, southwestern North America and Central America, 
most of northern and southern South America, southern 
Africa, and southwestern and southeastern coastal 
Australia.

Changes for high streamflow rates roughly follow those 
for the mean flow rate with similar magnitudes, except for 
central and northern Europe and southern Canada, 
where the high flow rate decreases while the mean rate 
increases. Percentage changes in low streamflow rates are 
much larger than those for the mean and high flow rates, 
with more widespread decreases in Africa and South 
America but more increases in western Asia and central 
Europe.

The intermodel spread in the projected runoff and 
streamflow changes is large, and the consistency of the sign 
of change among the CMIP5 models is low over most areas 
except the northern high latitudes, South Asia and East 
Africa, southern Europe, southwestern North America, 
and southern South America, where the magnitude of 
change is large, which leads to high consistency among the 
models. A large part of the intermodel spread likely results 
from realization‐dependent internal variability that is not 
related to differences in model physics.
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