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Abstract. The responses of river runoff to shifts of large-
scale climatic patterns are of increasing concerns to water re-
source planners and managers for long-term climate change
adaptation. El Nifio, as one of the most dominant modes of
climate variability, is closely linked to hydrologic extremes
such as floods and droughts that cause great loss of lives and
properties. However, the different impacts of the two types
of El Nifio, i.e., central Pacific (CP-) and eastern Pacific (EP-
)EI Nifio, on runoff across the conterminous US (CONUS)
are not well understood. This study characterizes the impacts
of the CP- and EP-EI Nifio on seasonal and annual runoff
using observed streamflow data from 658 reference gaging
stations and the NCAR-CCSM4 model. We found that sur-
face runoff responds similarly to the two types of El Nifio
events in southeastern, central, southern, and western coastal
regions, but differently in northeast (NE), Pacific northwest
(PNW) and west north central (WNC) climatic zones. Specif-
ically, EP-EI Nifio events tend to bring above-average runoff
in NE, WNC, and PNW throughout the year while CP-El
Nifio events cause below-than normal runoff in the three re-
gions. Similar findings were also found by analyzing NCAR-
CCSM4 model outputs that captured both the CP- and EP-EI
Nifio events, representing the best data set among CMIP5
models. The CCSM4 model simulates lower runoff values
during CP-EIl Nifio years than those in EP-EI Nifio over all
of the three climatic regions (NE, PNW, and WNC) during
1950-1999. In the future (2050-2099), for both types of El
Nifio years, runoff is projected to increase over the NE and
PNW regions, mainly due to increased precipitation (P). In
contrast, the increase of future evapotranspiration (ET) ex-
ceeds that of future P, leading to a projected decrease in

runoff over the WNC region. In addition, model analysis in-
dicates that all of the three regions (NE, PNW, and WNC)
are projected to have lower runoff in CP-EIl Nifio years than
in EP-EI Nifio years. Our study suggests that the US water re-
sources may be distributed more unevenly in space and time
with more frequent and intense flood and drought events. The
findings from this study have important implications to water
resource management at regional scales. Information gener-
ated from this study may help water resource planners to an-
ticipate the influence of two different types of El Nifio events
on droughts and floods across the CONUS.

1 Introduction

El Nifio event is a coupled ocean—atmosphere phenomenon,
characterized by anomalous sea surface temperature (SST) in
the equatorial Pacific Ocean, with periodicity ranging from
2 to 7 years (Trenberth, 1997). Recent studies indicate that
there are two different types of EI Nifio events (Ashok et al.,
2007; Kao and Yu, 2009; Kug et al., 2009; Larkin and Har-
rison, 2005a; Yeh et al., 2009): an eastern Pacific (EP) and
a central Pacific (CP) type. The EP-EI Nifio, or the canoni-
cal El Nifio, has its SST anomaly center located in the east-
ern equatorial Pacific (Nifio 3 region), with a mean dura-
tion of about 15 months, while the CP-El Nifio is charac-
terized with anomalies of surface wind and SST confined
in the central Pacific (Nifio 4 region) with a mean dura-
tion of about 8 months (Kao and Yu, 2009; Mo, 2010). Be-
cause of the different convection patterns and atmospheric
responses to the EP- and CP-EI Nifio events, the influences
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of the two types of El Nifio on regional hydroclimate are
different (Li et al., 2011; Mo, 2010; Yu and Zou, 2013;
Yu et al., 2012). For example, the conventional EP-EI Nifio
events caused a northeast-to-southwest, positive anomaly
to negative anomaly shift in winter temperature across the
US whereas the CP-EIl Nifio events led to a northwest-to-
southeast shift pattern (Yu et al., 2012); Mo (2010) reported
that the El Nifio Southern Oscillation (ENSO) influence on
winter P over the southwest US is strengthening, while the
impact on P over the Ohio Valley is weakening in recent
decades due to the occurrence of the CP-El Nifio events. The
different impacts of the two types of El Nifio are not limited
to the US only, but worldwide. Li et al. (2011) concluded
that below-normal rainfall is found year round in northern,
central, and eastern Amazon during EP-EI Nifio years while
negative rainfall anomalies are observed in most of the Ama-
zon during the austral summer wet season during CP-El
Nifio years. Kumar et al. (2006) suggested that CP-EIl Nifio
tends to produce a drought condition in India due to atmo-
spheric subsidence. During the late 20th century, the EP-EI
Nifio has become less common while the CP-EI Nifio has be-
come more frequent (Ashok et al., 2007; Kao and Yu, 2009;
Kug et al., 2009; Mo, 2010; Yeh et al., 2009). Some recent
studies also suggest that the intensity of CP-El Nifio events
is increasing and the frequency of CP-EI Nifio will continue
to increase in the 21st century (Kim and Yu, 2012; Lee and
McPhaden, 2010). Since ENSO is the dominant mode of cli-
mate variability (Van Oldenborgh et al., 2005; Yeh et al.,
2009) and El Nino events have crucial implications to the
terrestrial hydrological cycles, it is important to examine the
different responses of runoff to the two types of El Nifio
events at regional and continental scales.

The regional distributions of runoff are largely controlled
by the balances of P and ET. Runoff not only is an indicator
of water availability, but also plays a key role in the global
biogeochemical cycle, transporting large amount of particu-
lates and dissolved minerals as well as nutrients from land
to the ocean (Boyer et al., 2006). It is well-known that cli-
mate change has great impacts on runoff and water resources
worldwide (Dai et al., 2009; Déry and Wood, 2005; Gerten et
al., 2008; Lettenmaier et al., 1994; Petrone et al., 2010; Piao
et al., 2010; Xu et al., 2010). These climate-induced changes
can, sometimes, result in diverse impacts and risks on re-
gional hydrology and water resources (Field et al., 2014). In
fact, shifts in runoff patterns have been observed in many re-
gions (Barnett et al., 2005). For example, earlier snowmelt
events are observed due to increasing temperature in win-
ter, which will cause a shift in runoff regime from spring to
late winter and thus, a runoff decrease in summer (Burn and
Elnur, 2002). During the past half century, as the growing
population and increasing demand for freshwater, the avail-
ability of freshwater is of great concern to water resource
managers and policy-makers in a changing climate (Gleick,
2003; Milliman et al., 2008; Oki and Kanae, 2006; V6ros-
marty et al., 2000; Xu et al., 2010). A better understanding
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Figure 1. In all, 658 gaging stations (blue dots) and the 18 water
resource regions defined by USGS over the CONUS.

on the response of runoff to the large-scale climatic patterns,
especially to the climatic extremes becomes increasingly im-
portant.

Several attempts have been made to investigate the impact
of El Nifio on runoff over the US (Dracup and Kahya, 1994;
Guetter and Georgakakos, 1996; Kahya and Dracup, 1993;
Piechota et al., 1997; Twine et al., 2005; Zorn and Waylen,
1997). While these studies are informative, they either focus
on only one single river basin or do not categorize the El Nifio
events into two types. To our best knowledge, the different
impacts of two types of El Nifio on runoff over the CONUS
have not been carefully examined.

The overall goal of this study is to characterize the differ-
ent impacts of the two types of El Nifio events on regional
runoff over the CONUS. We used both measured stream-
flow data and long-term CMIP5 modeling output to exam-
ine the spatial patterns of hydrologic response to the two
different El Nifio events. Section 2 describes the data and
methods used in this study. In Sect. 3, we present the main
results to contrast the different impacts of the two types of
El Nifio on runoff. Discussions and conclusions are given in
Sects. 4 and 5, respectively.

2 Data and methodology
2.1 Data

In this study, monthly streamflow data (1990-2009) collected
at 658 USGS gaging stations were used to examine the ef-
fects of El Nifio events on watershed runoff (Fig. 1). These
reference watersheds have been compiled to represent wa-
tersheds with streamflow under conditions minimally influ-
enced by human activities (Falcone et al., 2010). Three pri-
mary criteria were used to select reference watersheds: (1) a
quantitative index of anthropogenic modification within the
watershed based on GIS-derived variables, (2) visual inspec-
tion of every stream gage and drainage basin from recent
high-resolution imagery and topographic maps, and (3) infor-
mation about man-made influences from USGS Annual Wa-
ter Data Reports (Falcone et al., 2010). For detailed informa-
tion, please refer to Falcone et al. (2010). Additionally, P and
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ET anomalies during the two types of El Nifio years are also
examined; we use NOAA’s precipitation reconstruction over
land (PREC/L) data (Chen et al., 2002) (available at http://
www.esrl.noaa.gov/psd/data/gridded/data.precl.html), which
is mainly based on rain gauge observations. ERA-Interim
ET data (Uppala et al., 2008), obtained from the European
Center for Medium-Range Weather Forecasts (ECMWF), is
also employed (available at http://apps.ecmwf.int/datasets/).
Compared with ERA-40 (Uppala et al., 2005), ERA-Interim
has many improvements, particularly in the hydrologic cycle
variables (Uppala et al., 2008). To improve the significance
and robustness of the results from observations, the state-of-
the-art global climate models (GCMs) participating in the
Coupled Model Intercomparison Project Phase 5 (CMIP5)
(Taylor et al., 2012) are employed. Eight models, including
NCAR-CCSM4, CNRM-CM5, GISS-E2H, GFDL-CM2.1,
GFDL-ESM-2G, GFDL-ESM-2M, MPI-ESM-LR and Nor-
ESM1-M, are selected based on the studies of Mo (2010)
and Kim and Yu (2012), because these model output are
considered the best ones to capture both two types of
El Nifio in intensity and frequency. All of these models
are atmospheric-ocean coupled climate models and widely
used in climate community. These model outputs are down-
loaded from ESGF website (https://pcmdi9.lInl.gov/projects/
esgf-1Inl/), including both historical and RCP4.5 output.
All of the grid data are re-gridded into the resolution of
0.5° x 0.5°.

2.2 Methods

A composite method is employed in this study to high-
light the common features of runoff, P, and ET during
the EP- and CP-El Nifio events. The life cycle of El
Nifio is based on the definition of Trenberth (1997), start-
ing from June-July-August (JJA) to September-October-
November (SON), December-January-February (DJF) and
March-April-May (MAM) in the following year. The ob-
served historical EI Nifio years are referred to the last column
(consensus) of Table 1 in Yu et al. (2012). There are four CP-
El Nifio events (1991-1992, 1994-1995, 2002-2003, 2004—
2005) and two EP-EI Nifio events (1997-1998, 2006-2007)
during the study period. The Monte Carlo technique is used
to test whether the runoff anomalies are significantly differ-
ent from its climatology (Mo, 2010; Wilks, 2011).

For CMIP5 models, EP- and CP-El Nifio events are de-
fined using SST anomalies (SSTA) over the Nifio 3 (150-
90° W, 5° N-5°S) and Nifio 4 (160° E-150° W, 5° N-5° S)
regions, respectively, following Yeh et al. (2009). Specifi-
cally, if the 3-month-running mean of SSTA over Nifio 3 re-
gions is larger than 0.5° for at least 5 consecutive months and
also larger than that of the Nifio 4 region, this year is defined
as an EP-EI Nifio year. Conversely, if the SSTA over Nifio
4 region is higher than 0.5° and larger than that of Nifio 3
region, the year will be defined as CP-El Nifio year.
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Figure 2. Composite of annual runoff anomaly (unit: mm) for the
two types of El Nifio during the period of 1990-2009 (a) in CP-El
Nifio years and (b) in EP-EI Nifio years. + indicates results at 0.05
significance level based on a Monte Carlo test. Three climate re-
gions (NE, PNW, and WNC, based on the climate zones of NOAA,;
Karl and Koss, 1984) and 18 WRRs are plotted using blue rectan-
gles and dark black lines, respectively.

3 Results
3.1 Annual runoff composite

Figure 2 shows the composite of annual runoff anomaly dur-
ing CP- and EP-EI Nifio years. In the CONUS, more gaging
stations show negative anomalies during CP-EIl Nifio years
whereas more stations show positive anomalies during
EP-El Nifio years. Specifically, during CP-El Nifio years
(Fig. 2a), significant below-average runoff was observed in
the whole northern US, with extremely dry conditions of
up to —180mmyr—1, which is roughly —31% in NE re-
gion and —11 % in Pacific northwest (PNW) region. Above-
average runoff is mainly found in the southern US, with the
wettest conditions of about 180 mmyr—1 in the Gulf of Mex-
ico. During EP-EI Nifio years (Fig. 2b), positive anomalies
are scattered throughout coastal regions, such as NE, south-
eastern (SE), west, PNW, and western portion of the west
north central (WNC) while negative anomalies are mainly
observed in inland areas, especially in central and upper mid-
west regions. In addition, comparing Fig. 2a with Fig. 2b, we
found that the responses of runoff to the two types of El Nifio
are similar in the SE, western, and central areas, but different
in NE, PNW, and western portions of WNC, which are en-
closed by dark blue rectangles in Fig. 2. We will focus on the
three climate regions (Karl and Koss, 1984) that have differ-
ent response signals during CP- and EP-EI Nifio years.
Since water resource planners are concerned with runoff
variations in each water resource region (WRR) (Seaber
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Figure 3. Domain-averaged annual runoff anomalies (unit; mm) for
(a) NE, PNW, and WNC climate regions; (b) the 18 WRRs, during
CP- and EP-EI Nifio years.

et al., 1987), the responses of domain-averaged runoff to
CP- and EP-EI Nifio events are calculated separately in the
18 WRRs, along with the domain-averaged runoff anomalies
at the NE, PNW, and WNC climate zones (Fig. 3). During
CP (EP)-EI Nifio years, negative (positive) runoff anomalies
are observed in all of the three climatic regions (Fig. 3a).
Specifically, for the NE region (37-49° N, 65-80° W), the
runoff anomalies are —47 and 94mmyr—! during CP- and
EP-El Nifio years, respectively. For the PNW (40-49° N,
116-125° W) and WNC (37-49° N, 104-116° W) regions,
they are —148 and 148 mmyr—!, and —61 and 54 mmyr—1,
respectively, during CP- and EP-El Nifio years. Among
the three regions, PNW has the greatest runoff anomaly
values, indicating its relatively high sensitivity of annual
mean discharges to El Nifio events. Figure 3b illustrates the
runoff variations for the 18 WRRs during CP- and EP-EI
Nifio years. Among the 18 WRRs, eight regions have the
similar responses to the two types of El Nifio, i.e., WRR
3, 12, and 18 are characterized by positive anomalies, while
WRR 4, 7, 9, 10, and 11, are featured with negative anoma-
lies. There are 10 WRRs producing different responses to the
two types of El Nifio, with six regions showing dry condi-
tions in CP-El Nifio and wet conditions in EP-EI Nifio and
four regions showing the opposite response. During CP-EIl
Nifio years, 11 out of 18 WRRs (61 %) display a negative
runoff anomaly compared to 9 WRRs (50 %) during EP-EI
Nifio years. All of the WRRs in the NE, PNW, and WNC
areas show dry condition in CP-EIl Nifio years and wet con-
dition in EP-EI Nifio years, including region 1, 2, 5, 14, 16,
and 17. These analyses further reveal that CP-El Nifio events
tend to bring drier conditions than EP-EI Nifio events over
the CONUS, in agreement with our composite results ac-
cording to the NOAA climate zones (Fig. 2). It is also found
that WRR regions 8, 13, and 15 have positive runoff anoma-
lies during CP-EI Nifio years and negative anomalies in EP-
El Nifio years; the different results may need further study

Hydrol. Earth Syst. Sci., 20, 27-37, 2016

considering the relative scarcity of the gage stations in these
WRR regions.

3.2 Seasonal composite

El Nifio usually develops in boreal summer and fall, peaks
in winter, and decays in spring (Trenberth, 1997). In order to
further examine the different impacts of the two types of El
Nifio on runoff at seasonal scales, seasonal composite analy-
ses are also performed (Fig. 4), focusing on the three climatic
zones first, followed by the 18 WRRs.

3.2.1 NOAA climate regions

During CP-EI Nifio years, significant negative runoff anoma-
lies are found in all of the NE, PNW, and WNC climate
regions throughout the year (Fig. 4, left panels). The driest
condition occurs in the PNW, NE, and parts of Ohio Val-
ley, with anomalies of up to —45mm. The negative anoma-
lies in other regions are relatively small, except for the WNC
area in JJA. The dry condition is most pronounced in bo-
real spring (MAM). On the other hand, significant positive
anomalies are mainly observed in SE in JJA. The wetter than
normal conditions extend both northeastward and westward
and peak in DJF and MAM. This is possibly due to high pre-
cipitation in boreal winter and spring brought by CP-EI Nifio
(Larkin and Harrison, 2005b; Mo, 2010).

During EP-EI Nifio events (Fig. 4, right panels), NE,
PNW, and WNC regions are characterized by positive runoff
anomalies throughout the year, although NE and PNW show
some exceptions (negative runoff anomalies) in DJF. The
above than normal runoff can also be observed in other cli-
mate regions such as in the SE during DJF and MAM, and
the west coast during DJF. The large negative anomalies are
mainly restricted in the upper midwest, central, and southern
USin JJA, SON, and MAM.

In summary, seasonal composite results are consistent with
annual composite analyses, especially for the NE, PNW, and
WNC regions, despite their peak runoff values in different
seasons.

3.22 WRRs

Figure 5 illustrates the seasonal runoff responses to the two
types of El Nifio for the 18 WRRs. Generally speaking, the
seasonal composite results are consistent with annual results
(Fig. 3b). During CP-El Nifio years, 67 % (12 out of 18),
56 % (10 out of 18), 50 % (9 out of 18), and 56 % (10 out of
18) of WRRs show negative runoff anomalies in JJA, SON,
DJF, and MAM, respectively, indicating that the dry condi-
tions prevail during CP-El Nifio years on seasonal scales.
Meanwhile, during EP-EI Nifio years, 56 % (10 out of 18),
50 % (9 out of 18), 61 % (11 out of 18), and 44 % (8 out of 18)
of WRRs show positive runoff anomalies throughout the four
seasons, which reveals relatively wetter conditions in EP-EI
Nifio years. The runoff anomalies of WRRs in each season
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Figure 4. Seasonal composite of runoff anomaly (unit: mm) for the two types of El Nifio on (a) JJA, (b) SON, (c) DJF, and (d) MAM in
CP-EI Nifio years during the period of 1990-2009; (e-h) the same as (a—d), but for EP-EI Nifio years. + indicates results at 0.05 significance

level based on a Monte Carlo test.
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Figure 5. Seasonal domain-averaged runoff anomalies (unit: mm)
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mirror the evolution of both CP- or EP-EIl Nifio intensities
at seasonal timescales. For instance, WRR 2 has relative low
runoff anomalies in boreal summer (JJA) and fall (SON) dur-
ing EP-EI Nifio. However, the runoff anomalies are higher
in winter (DJF) and peak in spring (MAM), which is con-
sistent with the life cycle of EP-EI Nifio events. In conclu-
sion, similar to the three climate regions (NE, PNW, and
WNC), the 18 WRRs show the similar responses on seasonal
scales as those on annual scales throughout EI Nifio years,
despite some exceptions. For example, WRR 1, in the NE
climate zone, shows negative runoff anomalies during CP-El
Nifio years and positive anomalies during EP-EI Nifio years
for three seasons — JJA, SON, and MAM, but in DJF, WRR 1
shows a negative runoff anomaly. This is also the same case
for WRR 5, 14, 16, and 17, although exceptions occur in dif-
ferent seasons.

3.3 Modeled runoff composite
3.3.1 Historical

In order to enhance the robustness of our observational re-
sults, the same composite is performed using the selected
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Table 1. Pattern correlations of runoff between the selected models
and CP-/EP-EI Nifio years.

CP EP
NCAR-CCSM4 0.42 0.28
NASA-GISS-E2H 0.42 0.18
CNRM-CM5 0.34 —0.06
GFDL-CM2.1 0.50 —-0.015
GFDL-ESM-2G 0.16 0.09
GFDL-ESM-2M 0.28 0.11
MPI-ESM-LR -0.21 —-0.34
Nor-ESM1-M —0.07 —0.008

CMIP5 model output, which includes more EIl Nifio events.
The El Nifio years for each model were determined by the
methods described in Sect. 2.2. Previous studies suggested
that different identification methods may lead to slight dif-
ferences in the number of El Nifio years (Yu and Kim, 2013;
Yu et al., 2012). Nonetheless, such differences in El Nifio fre-
quency do not affect the main results (not shown), especially
when more cases are included. Pattern correlations are used
to evaluate the simulation of runoff for the eight CMIP5 mod-
els, which reasonably capture the two types of EI Nifio (Kim
and Yu, 2012; Mo, 2010). All of the eight model outputs
have a pattern correlation greater than 0.8 in simulating the
long-term mean monthly runoff. In simulating the response
of runoff to the two types of El Nifio, the NCAR-CCSM4
model is identified as the best model with the highest pat-
tern correlation (Table 1 and Fig. 6). The main features of
El Nifio impacts on runoff are clearly reproduced. For exam-
ple, during CP-EI Nifio years (Fig. 6a), the dry conditions
in NE, Ohio Valley, WNC, and PNW, and wet conditions in
SE, west, and southwest (SW) are simulated quite well. For
EP-EI Nifio (Fig. 6b), the runoff anomalies are mainly char-
acterized by wet conditions except for the Ohio Valley and
some parts of PNW, consistent with observations (Fig. 2).
The model results further enhanced the robustness of com-
posite results from observations, despite some slight differ-
ences (Figs. 2 and 6). In summary, both observational results
and model simulations reveal that the responses of runoff to
the two types of El Nifio are similar in SE, SW, and western
coastal areas, but different in NE, PNW, and WNC regions.

3.3.2 Future

Figure 7 shows the composite of annual runoff anomaly
during CP- and EP-EI Nifio years over 2050-2099 by us-
ing RCP4.5 output of NCAR-CCSM4 model. Consistent
with conclusions based on historical runs, dominant dry
(wet) conditions could also be observed during CP- (EP) El
Nifio years in the three climate zones (NE, PNW, and WNC)
in the future. It is also found that both the intensity and the
area of dry anomalies are increased during CP-EI Nifio years.
The dry area extends from Ohio—Mississippi Valley to the
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Figure 6. Same as Fig. 2, but using NCAR-CCSM4 model histori-
cal output (unit: mm). + indicates results at 0.05 significance level
based on a Monte Carlo test.
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Figure 7. Same as Fig. 2, but using NCAR-CCSM4 model RCP4.5
output (unit: mm). + indicates results at 0.05 significance level
based on a Monte Carlo test.

whole southeastern US. This result is likely due to decreased
P suggested by Yu and Zou (2013), who found a reduction in
wet area over the southeastern US associated with the south-
ward shift of the jet streams. Compared with these areas, dry-
ing or wetting effects in other regions are relatively small,
usually within 36 mmyr—1.
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level based on a Monte Carlo test.

Table 2. Mean annual Runoff, P, and ET over the three climate regions during two different types of El Nifio years based on the NCAR-

CCSM4 model historical and future simulations (unit: mm).

Historical (1950-1999)

RCP45 (2050-2099)

Northeast Runoff P ET Runoff P ET
CP-El Nifio 418 1099 681 457 1185 728
EP-EI Nifio 494 1184 690 566 1251 685
Climatology mean 459 1135 676 505 1215 710
Pacific northwest

CP-El Nifio 562 1050 488 626 1160 534
EP-EI Nifio 630 1149 519 665 1181 516
Climatology mean 611 1099 488 634 1144 510
West north central

CP-El Nifio 161 655 494 147 711 564
EP-EI Nifio 168 705 537 163 733 570
Climatology mean 166 664 498 158 691 533

3.4 Water balance
3.4.1 Observations

In order to further understand the response of runoff to El
Nifio in light of water balance, the composites of P and
ET are also performed (Fig. 8). For a watershed, runoff is
mainly controlled by P and ET (i.e., runoff= P—ET) in
the long term (Brubaker et al., 1993). It is shown that, over
the CONUS, the runoff anomaly pattern largely follows P
anomaly pattern, with pattern correlations of 0.66 and 0.36 in
both CP- and EP-EI Nifio years. For the three climate regions
(NE, PNW, and WNC), the P anomalies are all negative dur-
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ing CP-El Nifio years, but all positive during EP-EI Nifio
years. The different P anomalies during the two types of El
Nifio years largely explain the different runoff responses in
the three climate regions.

3.4.2 Model output

Current climate data suggest that runoff variations during dif-
ferent El Nifio years are largely determined by P over the
CONUS. In a warming climate, with the increase of tem-
perature and potential ET (PET) (Dai et al., 2010; Lu et al.,
2009), whether future runoff anomalies are still dominated
by P anomalies in the three climate regions (NE, PNW, and
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WNC) is studied by comparing NCAR-CCSM4 model his-
torical and RCP 4.5 output (Table 2).

For the NE region, the mean annual runoff in CP-
El Nifio years is about 76 mm lower than that in EP-EI
Nifio years in the current climate (1950-1999) mainly be-
cause of a lower P (1099 vs. 1184 mm) and nearly same ET
(Table 2). In the future (2050-2099), runoff, P, and ET are
projected to increase during both types of El Nifio years in
this region. However, runoff in CP-El Nifio years is about
109 mm lower than that of future EP-EI Nifio years. The
lower runoff is a combined effect of a lower P (66 mm), and
a higher ET (43mm) presumably due to an increase of PET
as a result of global warming. Similar results are also found
in the PNW region: lower runoff during CP-EIl Nifio years
than that in EP-EI Nifio years, an increased future runoff for
both CP- and EP-EI Nifio events associated with increasing
future P.

In the WNC region, similar to the NE and PNW regions,
runoff is about 7mm lower in CP-EIl Nifio years than that
in EP-El Nifio years because P is 50mm lower and ET is
43 mm lower in the current climate (Table 2). However, when
the climate warms in the future, different from the NE and
PNW climate zones, surface runoff will decrease by 14 and
5mm during CP- and EP-EIl Nifio years, respectively. Ta-
ble 2 indicates that the net increases of ET during the CP-
and EP-EI Nifio years, i.e., 70 and 33 mm, are higher than
the increases of P (i.e., 56 and 28 mm, respectively), lead-
ing to decreased future runoff during EI Nifio events over the
region. Such increases of P and ET in the future are possi-
bly due to global warming. The average temperature during
the two types of El Nifio years increases by ~ 2° in the 21st
century (RCP4.5), compared with the 20th century. A higher
temperature usually leads to a higher PET (Dai et al., 2010;
Lu etal., 2009). When future ET enhancement is greater than
the increased P, such as in the WNC region during El Nifio
years, surface runoff will decrease.

In summary, runoff value during CP-EI Nifio years is lower
than that during EP-EI Nifio years, indicating a drier condi-
tion in all three climate regions during both current and future
climate. In the future when climate warms, CCSM4 model
suggests that surface runoff will increase in the NE and PNW
regions during the two types of El Nifio, largely due to an in-
crease of future P; however, over the WNC, runoff is likely
to decrease because the increase of ET is much higher than
P increase for both EI Nifio events. Our analyses reveal that
changes in ET due to global warming would play a more im-
portant role in altering surface discharge in some regions.

4 Discussions

This study reveals a more arid condition in CP-EI Nifio years
in terms surface runoff and water balances (Fig. 2), which
is mainly caused by the P anomalies (Fig. 8). Over the
CONUS, the three climate regions (PNW, WNC, and NE)
are characterized by strong, different signals during the two
different types of El Nifio. The Ohio Valley is another area in-
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fluenced significantly by El Nifio events, but shows dry con-
dition during both CP- and EP-EI Nifio years (Figs. 2 and 4).
Our results are in good agreement with previous results such
as Weng et al. (2007, 2009), as well as Yu and Zou (2013).
Yu and Zou (2013) reported a drier condition across the US
in CP-EI Nifio years, likely due to a southward shift of the jet
streams and associated winter storm activities during CP-EI
Nifio years. Kim and Alexander (2015) also found a drier
condition in PNW during CP-El Nifio years by analyzing
ENSOQO’s impact on moisture transport. They concluded that
during CP-El Nifio, a southward shift of the cyclonic circu-
lation over the north Pacific, which extends toward Califor-
nia, induces moisture transport into the SW region instead of
PNW.

Besides large-scale circulation and associated moisture
transport, other factors such as land cover/use change, to-
pography, vegetation, and soil profile could also modify sur-
face runoff by influencing P, ET, and soil water storage ei-
ther directly or indirectly during different El Nifio events. For
example, Franczyk and Chang (2009) investigated the com-
bined effects of climate change and land use change on the
runoff of the Rock Creek basin in Oregon (part of PNW) by
using both hydrological models and global climate models.
They suggested that the temperature and P are projected to
increase by 1.2° and 2% by 2040s, respectively, which will
lead to a 2.7 % increase in mean annual runoff. The annual
runoff will increase by about 5% under projected climate
change combined with land use change.

Itis projected that the frequency of extreme El Nifio events
will increase due to greenhouse warming (Cai et al., 2015),
which could significantly impact global weather patterns,
ecosystems, agriculture, drought, floods, and other extreme
events (Aronson et al., 2000; Cai et al., 2014; Vos et al.,
1999). Yeh et al. (2009) showed that climate change will in-
crease the frequency of the CP-El Nifio compared to the EP-
El Nifio by using CMIP3 climate models. Kim and Yu (2012)
reported that the intensity of CP-El Nifio increases steadily
from the pre-industrial to the historical and the RCP4.5 sim-
ulations in the CMIP5 climate models. As the CP-EI Nifio
will occur more frequently, our runoff results shown here
suggest that the drought will be intensified in the future.
This finding delivers informative socio-economic implica-
tions and will benefit our management and policy-decision
of water resources to reduce the damage of flood and drought
in the future.

Two limitations still exist in our study. First, the observed
runoff data only have a length of 20 years, which covers a
limited number of EI Nifio events. We noticed that ENSO
has variations on multidecadal timescale (Brown and Com-
rie, 2004; Cai et al., 2010; Dong et al., 2006; Mo, 2010). For
instance, Mo (2010) compared the impact of ENSO on tem-
perature and precipitation in the continental US for the peri-
ods of 1915-1960 and 1961-2006, and reported discernible
changes between the two time periods on seasonal scale. The
observed runoff response to the two types of EI Nifio events
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needs further validation when longer observational data are
available. Second, our results only characterized the impact
of El Nifio on natural runoff without considering local fac-
tors especially land use and land cover change (LULC). For
those gages with LULC, El Nifio also plays a role in the vari-
ability of runoff. However, the relative contributions of cli-
mate change and human activities such as LULC need fur-
ther study, possibly by using modeling studies, which is the
next step in our research.

5 Conclusions

The different impacts of CP- and EP-EI Nifio events on sur-
face runoff over the CONUS were studied using 658 gag-
ing stations and NCAR-CCSM4 model output. It is shown
that surface runoff responds similarly to the two types of
El Nifio events in southeastern, central, southern, and west-
ern coastal regions, but differently in NE, PNW, and WNC
states. In general, the CP-EI Nifio events are likely to cause
drier conditions with lower runoff whereas the EP-EI Nifio
events tend to result in wetter than normal conditions over
the CONUS. This can also be seen from the runoff responses
at the 18 WRRs. Such runoff anomalies are largely following
the variation of P during El Nifio years. The NCAR-CCSM4
model outputs further support the conclusions derived from
observations, i.e., a drier condition over the CONUS dur-
ing CP-EIl Nifio years than EP-EI Nifio. It is also projected
that future runoff tends to decrease over the WNC region,
but to increase over the NW and PNE regions during both
types of El Nifio events as a result of the changes in the
balances between P and ET. We conclude that surface wa-
ter resources may be distributed more unevenly in space and
time in the future El Nifio years. Such information is useful
to develop plans in anticipating hydrologic extremes under
climate change.
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