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Abstract

Hydrologic processes in the semiarid regions of the southwest United States are con-
sidered to be highly susceptible to variations in temperature and precipitation charac-
teristics due to the effects of climate change. Relatively little is known on the potential
impacts of climate change on the basin hydrologic response, namely streamflow, evap-5

otranspiration and recharge, in the region. In this study, we present the development
and application of a continuous, semi-distributed watershed model for climate change
studies in semiarid basins of the southwest US. Our objective is to capture hydrologic
processes in large watersheds, while accounting for the spatial and temporal varia-
tions of climate forcing and basin properties in a simple fashion. We apply the model10

to the Rı́o Salado basin in central New Mexico since it exhibits both a winter and sum-
mer precipitation regime and has a historical streamflow record for model testing pur-
poses. Subsequently, we utilize a sequence of climate change scenarios that capture
observed trends for winter and summer precipitation, as well as their interaction with
higher temperatures, to perform long-term ensemble simulations of the basin hydro-15

logic response. Results of the modeling exercise indicate that precipitation uncertainty
is amplified in the hydrologic response, in particular for processes that depend on a
soil saturation threshold. We obtained substantially different hydrologic sensitivities for
winter and summer precipitation ensembles, indicating a greater sensitivity to more in-
tense summer storms as compared to more frequent winter events. In addition, the20

impact of changes in precipitation characteristics overwhelmed the effects of increased
temperature in the study basin. Nevertheless, combined trends in precipitation and
temperature yield a more sensitive hydrologic response throughout the year.

1 Introduction

Semiarid regions in the southwest United States are characterized by significant cli-25

mate variability (e.g., Sheppard et al., 2002; Milne et al., 2003; Guan et al., 2005),

320

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/6/319/2009/hessd-6-319-2009-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/6/319/2009/hessd-6-319-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
6, 319–371, 2009

Impact of climate
change on semiarid
watershed response

E. R. Vivoni et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

primarily due to fluctuations in precipitation in the winter and summer seasons. Cli-
mate seasonality varies with geographic location and elevation in the region, leading
to watersheds with either snow- or rainfall-dominated hydrologic conditions (Rango et
al., 2008). In the Rı́o Grande, a major basin in the southwest US, a clear transition is
observed from snow-dominated basins in Colorado to rainfall-dominated watersheds in5

central New Mexico (Ellis et al., 1993). The gradient in climate seasonality is accom-
panied by a progressive decrease in mean annual rainfall and an increase in interan-
nual variability further south in the basin. As a result, semiarid regions in central New
Mexico produce limited amounts of streamflow, primarily during the North American
monsoon (NAM) in the summertime (Newman et al., 2006), which accounts for ∼40–10

50% of the annual precipitation (Douglas et al., 1993). Streamflow from gauged and
ungauged tributary basins to the Rı́o Grande, however, is an important source of water
for the agricultural users and urban communities residing along the river (e.g., Ellis et
al., 1993; Ward et al., 2006).

Hydrologic processes in the southwest US are complicated by the interaction of cli-15

mate forcing with spatially variable watershed conditions and their antecedent wetness
(e.g., Gochis et al., 2003; Goodrich et al., 2008). For example, Vivoni et al. (2006)
found that storm sequences in central New Mexico primed a large semiarid basin for
the generation of major floods during the NAM, with downstream implications for aquifer
recharge and reservoir storage. Thus, the precipitation distribution and its interaction20

with the basin wetness affect streamflow production at the seasonal time scale. In-
terannual variations in precipitation, usually tied to atmospheric teleconnections, such
as the El-Nino-Southern Oscillation (ENSO), also impact the streamflow response in
the semiarid region (e.g., Redmond and Koch, 1991; Molnár and Ramı́rez, 2001; Hall
et al., 2006). An interesting feature of the interannual variations is the potential link25

between winter precipitation and summer streamflow (e.g., Gutzler, 2000; Zhu et al.,
2005). For example, Molles et al. (1992) found that the Rı́o Salado in central New Mex-
ico exhibited higher than average summer streamflow when the previous winter was
drier than normal. These observations suggest that it is important to capture both the
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intraseasonal and interannual fluctuations in climate forcing in hydrologic assessments
and numerical models tailored to the region.

Recent climate change evaluations have also revealed that the southwest US may be
highly susceptible to changes in precipitation characteristics (e.g., Christensen et al.,
2004; Kim, 2005; Seager et al., 2007; Diffenbaugh et al., 2005, 2008). Using results5

from 15 global climate change simulations, Wang (2005) showed that the southwest
US will experience lower regional precipitation and soil moisture during winter and
summer seasons. Similarly, Seager et al. (2007) noted the projected increase in aridity
in the southwest US due to the decrease in precipitation. These trends, however,
can mask important local climate change impacts that are becoming more evident10

through the use of fine-resolution regional models that more faithfully capture the North
American monsoon. For example, Diffenbaugh et al. (2005) found that the frequency
of extreme precipitation events and their contribution to the annual amount increased
in the southwest US. Subsequently, Diffenbaugh et al. (2008) identified the southwest
US as a climate change “hotspot” due to impacts on the precipitation variability in the15

summer and winter seasons.
Precipitation and temperature changes need to be considered jointly to provide hy-

drologic predictions at the watershed scale in the southwest US. For snow-dominated
basins in the region, hydrologic assessments under climate change have found earlier
streamflow timing, but discrepancies in terms of the impact on runoff volume (Rango20

and van Katwijk, 1990; Epstein and Ramı́rez, 1994; Christensen et al., 2004). Less is
known on the potential impacts of temperature and precipitation variations on stream-
flow in the rainfall-dominated basins of the southwest US. Recently, Hall et al. (2006)
was unable to find long-term streamflow trends for watersheds in the Rı́o Grande dom-
inated by the NAM. In a comparison of 19 climate change simulations, Nohara et25

al. (2006) found lower annual streamflow for the Rı́o Grande, due to lower precipitation,
soil moisture and evaporation. Interestingly, the Rı́o Grande also exhibited a significant
discrepancy among the 19 streamflow projections, suggesting that large uncertainties
exists in how to propagate climate changes to runoff response.
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Numerical watershed models are useful tools to address the impact of climate
change on hydrologic processes in the southwest US. A range of simulation tools exist
for capturing differences in precipitation and temperature on the basin response, rang-
ing from lumped models (e.g., Rango and van Katwijk, 1990; Kite, 1993) to distributed
approaches (e.g., Christensen et al., 2004; Liuzzo et al., 2008). The selection of a par-5

ticular watershed model for applications in the southwest US, in general, and the Rı́o
Grande, in particular, will depend on a number of factors, including: (1) the climate, soil,
vegetation and terrain in the basin will dictate the selection of hydrologic processes and
their spatiotemporal variations, (2) the computational demands of long-term or multiple
simulations required to account for climate variations and different sources of uncer-10

tainty, and (3) the ability to provide climate forcing that represents future precipitation
and temperature scenarios. For these reasons, parsimonious watershed models that
capture the salient hydrologic processes in the semiarid region are required for assess-
ing the potential impact of climate change scenarios on streamflow response.

In this study, we present the development and application of a continuous, semi-15

distributed watershed model for climate change studies in the southwest US. Our ob-
jective is to capture hydrologic processes in large, semiarid basins, while accounting
for the spatial and temporal variations of climate forcing and watershed properties in a
simple fashion. The model is developed in the context of a regional decision-support
tool (Tidwell et al., 2004) intended to provide near real-time simulations that explore20

the consequences of management decisions. As a result, computational feasibility is
of utmost importance in order to simulate long, decadal climate change periods as well
as capture input uncertainty through multiple simulations. The watershed model is built
within a system dynamics framework (e.g., Nandalal and Simonovic, 2003; Ahmad and
Simonovic, 2004; Tidwell et al., 2004), which facilitates exploring the internal feedbacks25

that result in the basin response to imposed climate change scenarios.
For the purposes of this study, we utilize a sequence of precipitation and temperature

scenarios constructed using a stochastic weather generator, as performed in Semenov
and Barrow (1997) and Liuzzo et al. (2008). The climate change scenarios capture ob-
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served trends in central New Mexico for winter and summer precipitation, as well as
their interaction with higher temperatures. For the winter season, variations in inter-
storm duration are used to represent precipitation trends (Molnár and Ramı́rez, 2001;
Hamlet and Lettenmaier, 2007). For the summer season, variations in storm intensity
are made to account for the occurrence of more extreme events in the region (Diffen-5

baugh et al., 2005; Peterson et al., 2008). To carry out the numerical experiments, we
selected the Rı́o Salado basin in central New Mexico, a large semiarid tributary to the
Rı́o Grande. The Rı́o Salado exhibits a winter and summer precipitation regime, but
is characterized by flooding during the North American monsoon. While it is currently
ungauged, a 40-year streamflow record is available at the outlet for model testing.10

The paper is organized as follows. Section 2 describes the watershed model for-
mulation, including how to capture the spatiotemporal variability of semiarid hydrologic
processes in a coarse manner. This is achieved by using hydrologic response units
to depict spatial differences in the basin and a storm and inter-storm event time step
to resolve intense, but brief, flood pulses. In Sect. 3, we present an analysis of the15

impact of the climate change scenarios on the basin water balance and streamflow
response. This is performed for long simulation periods that account for climate forcing
uncertainty. Using these scenarios, we address the relative importance of precipitation
and temperature changes on the streamflow response for the Rı́o Salado. A summary
and list of conclusions are presented in Sect. 4.20

2 Methods

2.1 Study site

The Rı́o Salado, located in central New Mexico, is part of the Middle Rı́o Grande basin,
and extends into Catron, Cibola, and Socorro counties (Fig. 1). The basin is selected
for this study due to its historical stream gauge located near its confluence with the Rı́o25

Grande, its semiarid nature and its significant size (3610 km2). The maximum elevation

324

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/6/319/2009/hessd-6-319-2009-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/6/319/2009/hessd-6-319-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
6, 319–371, 2009

Impact of climate
change on semiarid
watershed response

E. R. Vivoni et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

in the Rı́o Salado is 3060 m in the Magdalena Mountains and drops to 1430 m near the
outlet to the Rı́o Grande. The stream network consists of a wide, braided channel near
the outlet and narrow, incised channels in the headwaters (Nardi et al., 2006). While
the Rı́o Salado does not contribute large volumes of water to the Rı́o Grande, it does
contribute a great deal of sediment (Simcox, 1983) and is similar, in this respect, to its5

neighboring basins (Newman et al., 2006; Vivoni et al., 2006).
The basin extent for the Rı́o Salado was delineated from US Geological Survey

(USGS) 30-meter elevation data. Figure 1 shows the Rı́o Salado basin and stream
network overlaying the Digital Elevation Model (DEM) of the Middle Rı́o Grande. The
stream network delineation was achieved using the single flow direction algorithm of10

O’Callaghan and Mark (1984). We found that a stream threshold of 0.5 km2 matched
the National Hydrography Dataset (NHD) data well with drainage density of 1.1 (km−1),
while minimizing the introduction of first order streams. For visualization purposes in
Fig. 1, a threshold of 36 km2 for the stream network is shown.

2.2 Hydrologic response units15

For modeling the Rı́o Salado, the domain defined by the basin boundary was divided
into Hydrologic Response Units (HRUs). An HRU is a contiguous unit with a unique
combination of soil and vegetation characteristics which are treated as homogeneous
(e.g., Kite, 1993; Liang et al., 1994; Arnold et al., 1998). HRUs are often used as a
finer discretization of a coarse, grid-based model domain or when computational effi-20

ciency is sought. The HRU concept is applied here using the State Soil Geographic
(STATSGO) Data Base and the General Vegetation Map of New Mexico. Since each
HRU has distinct soil and vegetation characteristics, we assume that landscape proper-
ties within each HRU are spatially uniform. This assumption is motivated by the desire
to decrease the computational burden of the model to allow long-term simulations on a25

personal computer, for the purpose of use in a decision support system (Tidwell et al.,
2004).

Figure 2 shows the HRU map for the Rı́o Salado containing 68 units, composed
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of four major vegetation types and eight major soil classes. Table 1 describes the
percentage of the total basin occupied by the soil and vegetation classifications. In
general, the basin is dominated by shrublands underlain by clay loam soil (19%), and
grasslands underlain by sandy loam soil (9.5%). The majority of the HRUs are small
in size, each with an area less than 1% of the total Rı́o Salado watershed. However,5

when the seven largest HRUs are combined, ∼10% of the total, these cover ∼65% of
the basin area. Field visits were performed for the major units to confirm the accuracy
of the HRU delineations used in the model (Aragón, 2008).

2.3 Rainfall generation

Due to the scarcity of long-term observations, watershed models often use synthetic10

rainfall as forcing. In this study, a stochastic rainfall model based on Eagleson (1978)
was implemented to create a time series of rainfall input. The rainfall model has been
widely applied in earlier studies (e.g., Rodŕıguez-Iturbe and Eagleson, 1987; Tucker
and Bras, 2000). The stochastic model samples separate exponential distributions of
the storm intensity (I), storm duration (DS ) and inter-storm duration (DIS ) as follows:15

f (I) =
1

I
e
(
− I

I

)
, (1)

f (DS ) =
1

DS

e

(
−DS

DS

)
,and (2)

f (DIS ) =
1

DIS

e

(
−DIS

DIS

)
, (3)

where I , DS , and DIS represent mean values for each parameter. Deriving these mean
values from historical data mimics local conditions using the available observations.20

Sampling the DS and DIS distributions allows defining a sequence of concatenated
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storm and inter-storm events. Each event in the sequence is used in the watershed
model as an individual time step to resolve storm and inter-storm hydrologic processes
(e.g., Tucker and Bras, 2000).

Five rain gauges were used to condition the stochastic model: Agustin, Brushy
Mountain, Datil, Laguna, and Socorro (Fig. 3). Each gauge provides hourly measure-5

ments with record lengths varying from 4 to 30 years (Table 2). Some of the datasets
are of limited lengths and may not be completely representative of the historical rainfall
at their respective locations. In addition, the minimum resolution of many of the rain
gauges was increased from 0.254 to 2.54 mm during the record period. As a result,
higher resolution periods, typically 30 years in length, were used to extract the mean10

values of each parameter. The assumption of the exponential distributions was verified
with the rain gauge data and found to be appropriate for our purposes, though some
extreme events are not captured adequately (Aragón, 2008).

The assignment of each HRU to a particular rain gauge was determined by cre-
ating Thiessen polygons around each rain gauge (Fig. 3). Spatial rainfall variability15

was not allowed within each Thiessen polygon. The majority of the basin is located
in the boundaries for the Agustin (24.3%), Datil (37.3%), and Socorro (22.2%) sites,
with smaller areas for Brushy Mountain (11.0%) and Laguna (5.2%). HRUs overlain by
more than one gauge were given parameters of the dominant site. A comparison of
the monthly mean parameters for each rain gauge is shown in Fig. 4. Strong season-20

ality in the parameters is apparent in all five sites. The seasonality is best observed
when comparing the winter months (December–February) with the summer months
(July–September). Comparison among the rain gauges suggests that rainfall has more
significant seasonal changes as compared to spatial variations among sites. Neverthe-
less, the rain gauge locations do not entirely capture the precipitation variability in the25

basin, as estimated by the mean annual precipitation in Fig. 3 from the PRISM product
(Daly et al., 1994).
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2.4 Hydrologic model development

Hydrologic processes in the model are tailored for semiarid basins with diverse soil
and vegetation properties. The model commences with the partitioning of rainfall and
snow and proceeds to interception by the plant canopy. Water that is able to bypass
the canopy and reach the land surface either infiltrates into the soil or becomes runoff5

that is routed to the basin outlet through the channel network. Two major runoff mech-
anisms are captured, infiltration- and saturation-excess runoff, derived by tracking the
infiltration capacity and saturated area fraction of an HRU. Evapotranspiration affects
each portion of the hydrologic system, while losses to the regional aquifer are ac-
counted for from the soil column and the channel network. Additional details on the10

model development are presented in Aragón (2008).
In the following, we present a brief description of the model processes. It is important

to reiterate that the model is intended to operate at coarse scales to reduce computa-
tional burden for long-term and multiple simulations in a decision support environment.
The spatial scale was coarsened through the HRU discretization, while the tempo-15

ral scale was aggregated by using storm and inter-storm sequences as time steps.
This choice was preferred over a monthly time step to capture the short-term runoff
events experienced in semiarid regions (Newman et al., 2006; Vivoni et al., 2006).
Nevertheless, use of the coarse HRUs and event-based time step imply that the model
formulation will have limits in terms of capturing fine-resolution behavior.20

2.4.1 Snow accumulation and melt

Snow accumulation is treated as a water balance where the change in snow pack
(∆SSnow) is the difference between the volumes of falling snow (VNS ) and snowmelt
(VM ):

∆SSnow

∆t
=

VNS − VM
∆t

, (4)25
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To determine the volume of snowfall, a temperature-based allocation method was used
to partition a portion of the precipitation as snowfall using a threshold value Tb=−0.5◦C
as:

Sf =
Tb − Tmin

Tmax − Tmin
, (5)

Sf = 1, if Tmax ≤ Tb,and (6)5

Sf = 0, if Tmin ≥ Tb, (7)

where Sf is the fraction falling as snow (Federer et al., 2003), and Tmax and Tmin are
minimum and maximum air temperatures sampled from an exponential distribution as:

f (T ) =
1

T
e
(
− T

T

)
, (8)

where T is the mean monthly temperature obtained from historical records at each rain10

gauge. Snow melt is based on the degree-day method of Martinec et al. (1983) as:

VM = Mf (Ti − Tb), (9)

where Mf=0.011ρs (m3/◦C) is an empirical melt factor, Ti is the index air temperature
(◦C) set to the average of Tmax and Tmin, and ρs is the snow density (assumed constant
at 100 kg/m3 here).15

2.4.2 Canopy interception

Rainfall interception is computed by tracking the change in canopy storage (∆SC) as
the difference between intercepted water (VInt), canopy evaporation (VCE ) and canopy
drainage (VD):

∆SC

∆t
=

VInt − (VCE + VD)

∆t
. (10)20
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The total volume of water intercepted during a storm event (VInt) is computed as:

VInt=IRAvegD, (11)

where Aveg = pvegA, pveg is the vegetated fraction, A is the total area, D is the duration
of the rainfall event, and IR is the rainfall interception rate by leaves calculated as:

IR = FIntL(LAI)P, (12)5

where FIntL is the fraction of rainfall intercepted by leaves, assumed to be 0.1pveg, P
is the rainfall rate, and LAI is the leaf area index (Federer et al., 2003). The canopy
intercepts water until the maximum canopy storage volume (VCS ) is reached:

VCS = ICLAvegLAI, (13)

where ICL is the leaf interception capacity. Once the canopy is full, further water input10

to the canopy is released as drainage (VD). The unintercepted water (VU ), which falls
over non-vegetated areas and immediately reaches the ground surface, is calculated
as:

VU = VP − VInt, (14)

where VP is the rainfall volume. The canopy evaporation (VE ) is computed using the15

potential evaporation rate as discussed in the following.

2.4.3 Evapotranspiration

To reduce data requirements, the Hargreaves model was used to estimate the potential
evapotranspiration (EH ) (Hargreaves et al., 1985; Hargreaves and Allen, 2003) as:

EH = 0.0023 [So (T + 17.8)] T
1
2

R , (15)20

where EH is based on the amount of incoming solar radiation (So, mm/day), T is the
mean monthly air temperature (◦C), and TR is defined as:

TR = Tmax − Tmin. (16)
330
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The amount of incoming solar radiation that reaches the land surface is estimated using
the method described by Shuttleworth (1993):

So = 15.392 {dr [ωS sin(φ) sin(δ) + cos(φ) cos(δ) sin(ωS )]} , (17)

where dr is the relative distance between the Earth and Sun, ωS is the sunset hour
angle (radians), φ is the latitude of the study area (radians) and δ is the solar decli-5

nation angle (radians). The following equations describe the computation of the solar
radiation factors:

dr = 1 + 0.033 cos
(

2π
365

J
)
, (18)

ωS = arccos(− tan(φ) tan(δ)),and (19)

δ = 0.4093 sin
(

2π
365

J − 1.405
)
, (20)10

where J is the Julian day, set to the 15th day of each month for monthly calculations.
The potential evapotranspiration (EH ) is applied to the canopy (VCE ) for the given

amount of water available in canopy storage (Sc) such that VCE=min (Sc, EH ). For high
values of EH , the canopy storage will quickly be evaporated during inter-storm periods.
Actual evapotranspiration (Ea) from soil evaporation and plant transpiration is limited15

by soil water availability and vegetation rooting depth (assumed as 1.5 m). The portion
of Ea due to soil evaporation occurs at a reduced rate for unsaturated soils as:

Ea = EHAsf + EH (A − Asf )
(
θi − θr

θs − θr

)
, (21)

where Asf is the saturated area (described below), θi is the current water content, and
θr and θs are the residual and saturated water contents. Following Salvucci (1997),20

the value of Ea is reduced to ER when the inter-storm period (ti ) is greater than two
days as:

ER =
1
2

(Ea + ET2) , (22)
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where ET 2 is defined as:

ET2 = 0.811Ea

(
48
ti

)
. (23)

This reduction is implemented since Ea is controlled by the rate at which the soil can
conduct water to the surface for drying soils. The actual evapotranspiration related to
plant transpiration is parameterized in a similar fashion as (21) over the soil layers that5

include plant roots. The plant rooting depth (Zr ) is assumed as 1.5 m in this study to
include all soil layers.

2.4.4 Runoff generation and soil moisture redistribution

Water inputs that reach the soil surface are allocated depending on the state of the
hydrologic system. The water balance at the land surface is conceptualized after the10

Three-Layer Variable Infiltration Capacity (VIC-3L) model of Liang et al. (1994, 1996),
modified to account for infiltration-excess runoff (RI ). If the water input rate is greater
than the saturated hydraulic conductivity of the soil (KS ), then infiltration-excess runoff
(RI ) will occur as:

RI=w−KS i f w>KS , (24)15

where w is the water application rate accounting for unintercepted water (VU ), canopy
drainage (VD) and snowmelt (VM ). The VIC model assumes the degree of saturation
varies spatially and thus saturation-excess runoff (RS ) occurs over the saturated frac-
tion (Asf ) as:

RS = wAsf . (25)20

The saturated area fraction is obtained as:

Asf = 1 −
(

1 −
ic
im

)b

. (26)
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where b is the saturation shape parameter (b=1.4 in this study), ic is the current infil-
tration capacity and im is the maximum infiltration capacity, determined for the top two
layers as:

im = Vm (1 + b) , (27)

where Vm=φ−θr is the available volume of the top two soil layers, calculated as the5

difference between porosity (φ) and θr . After some manipulation (Aragón, 2008), ic
can be obtained as:

ic =

{
1 −

[
1 −

θi − θr

φ − θr

] 1
1+b

}
, (28)

where θi is the current water content. As a result, Asf and ic can be estimated dynam-
ically in the model. The reader is referred to Liang et al. (1994, 1996) for additional10

details.
The 1.5 m soil column is divided into three layers with total depths of 10 cm (top),

40 cm (middle) and 100 cm (bottom). Direct evaporation from the soil occurs from the
top and middle layers, while transpiration is allowed over the plant rooting depth. For
each layer, we track the changes in soil moisture storage. For the top layer volume15

(VTop):

∆VTop

∆t
=

(VInf + VDiM ) − (VET
+ VTT + VDM + VR)

∆t
, (29)

where VInf is the infiltration volume related to the water application rate (w), VDiM and
VDM the volumes that diffuse from and drain to the middle layer, VET

and VTT are volumes
lost to evaporation and transpiration, and VR is the total runoff volume (sum of RS and20

RI ). Similar expressions are derived for the middle and lower layers. It is important to
note that the lower layer has free drainage (D) to the regional aquifer.
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Movement of water between the soil layers (Qz) takes into account the unsaturated
hydraulic conductivity (Ku) as:

Qz = AKu = AKs

(
θf − θr

φ − θr

)m

, (30)

where m=3+2/Bp, Bp is the pore size distribution index, and θf is the adjusted water
content at the end of a storm or inter-storm period defined as:5

θf = θr +

{
[θi − θr ]

1−m −
[

(1 −m)Ks∆t

zi (φ − θr )
m

]1/(1−m)
}

, (31)

where ∆t is the length of the period under consideration and zi is the depth of the
soil layer under consideration. The adjusted water content was computed in order to
account for the event-based time step (see Aragón, 2008 for derivation).

2.4.5 Channel routing10

Runoff produced in individual HRUs is routed to the basin outlet along the different
flowpaths. To reduce computations, the average flow distance for each HRU to the
basin outlet is used to route runoff. The residence time of water in the channel (tc) is
defined as:

tc =
(
LOut

V

)
, (32)15

where LOut is the average distance to the outlet for each HRU, and V is the average
flow velocity, set to 0.5 m/s for this study. The channel bed is treated as a soil with
variable properties and the volume of water lost in the channel (VLoss) is calculated as:

VLoss = KStCLOutcW , (33)
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where cW is the average channel width, set to 5 m for this study. This simple calculation
assumes independent flow paths from each HRU to the outlet and may lead to overes-
timates of channel losses, but allows channel routing to be handled in a parsimonious
fashion.

2.5 Numerical experiments5

The semi-distributed watershed model is applied to the Rı́o Salado using either: (1) the
historical rain gauge records, (2) the stochastic rainfall model conditioned on historical
data, or (3) the long-term scenarios considering changes in precipitation and temper-
ature. Simulations typically span 40 to 60 years to encompass the historical record
or capture long-term climate trends. We conduct simulations on a personal computer10

with an approximate run time of 15-min for a 60-year period. For all simulations, we
utilize the HRU spatial discretization depicted in Fig. 2, with an identical set of model
parameters (e.g., soil, vegetation and channel properties). Tables 3 and 4 present the
assigned model parameters for each soil and vegetation classification in the basin. Our
numerical experiments do not focus on the potential uncertainties associated with the15

model parameters. Instead, we minimize model calibration by selecting effective pa-
rameters at HRU-scale based on published literature values (e.g., Rawls et al., 1983;
Bras, 1990; Dingman, 2002; Federer et al., 2003; Caylor et al., 2005; Gutiérrez-Jurado
et al., 2006).

Confidence in the model formulation and parameterization was built through two20

extensive simulation exercises: (1) point-scale comparisons of the simulated soil mois-
ture to observations, and (2) HRU-scale evaluations of the water balance states and
fluxes, as reported in detail in Aragón (2008). In the point-scale studies, the simulated
soil moisture in the top and middle layers was compared to observations in the Sevil-
leta Long-Term Ecological Research in central New Mexico for wet and dry years (not25

shown). The point comparisons allowed adjusting soil and vegetation parameters to
mimic the low soil moisture in the semiarid region (e.g., Small and Kurc, 2003). At the
HRU-scale, comparisons between a forested, sandy HRU and a grassy, clay HRU in
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the Rı́o Salado allowed inspection of the hydrologic dynamics during a wet and a dry
year (not shown). A full suite of model outputs for each HRU, including interception,
soil moisture, evapotranspiration and runoff dynamics, exhibited physically reasonable
differences that were directly related to the model parameterizations in Tables 3 and 4.
The lack of hydrologic data in the Rı́o Salado prevents a more detailed model compar-5

ison.
For the long-term simulations, we initialize the watershed model with residual soil

moisture (θr ) in each HRU to depict the dry state in the semiarid region. For each
simulation, we conduct a 10-year model spin-up, with precipitation and temperature
forcing, to allow the basin to reach quasi-equilibrium conditions in terms of the root10

zone soil moisture. To account for the stochastic nature of the climate forcing, we also
carry out twenty-five realizations (ensemble members) for each scenario. This allows
quantifying the ensemble mean behavior as well as the uncertainty (ensemble standard
deviation) associated with the hydrologic model response. We separately assess the
impact of changes in precipitation (storm intensity and inter-storm duration) along with15

temperature changes in the Rı́o Salado basin, as detailed in the following.

3 Results and discussion

3.1 Comparisons to historical streamflow observations

A streamflow gauge, operational at the Rı́o Salado near San Acacia, NM (34◦17′50′′ N,
106◦53′59′′ W, USGS 08354000) during the period 1947–1984, allows comparison with20

the model simulations applied at the basin-scale. The availability of the historical rain-
fall data at three rain gauges (Socorro, Laguna, Agustin) limits the simulation period
to 1949–1978 (i.e., due to the reduction in rainfall precision). No other rainfall obser-
vations are available for this historical period, limiting our ability to provide distributed
forcing to the watershed model. The rainfall amounts at these sites should underesti-25

mate the total rainfall in the basin, as these are located in the lower elevations of the
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region. For example, Fig. 4 indicates that while the mean rainfall intensities for the
Brushy Mountain and Datil rain gauges, located at higher elevations, are similar to the
other gauges, the inter-storm periods are significantly shorter.

Figure 5 compares the observed streamflow volume (km3) over the 30-year period
with model simulations assuming spatially-uniform rainfall forcing from each rain gauge5

(i.e., without the Thiessen polygons shown in Fig. 3). Historical records at each rain
gauge site were classified into storm and inter-storm periods, characterized by DS , DIS
and I , to conform to the event-based time step in the watershed model. The observed
streamflow record includes all years with annual volumes that were within ±1 stan-
dard deviation (0.55 km3/year) of the 30-year mean of 0.43 km3/year. This procedure10

ensures that extreme precipitation events, not captured in the stochastic rainfall model
(i.e., due to the assumption of the exponential distribution of the model parameters, see
Aragón, 2008), do not bias the comparison between the observations and model sim-
ulations. The streamflow from only one year (1972) exceeded this criterion (3.07 km3

or seven times the long-term mean) and was excluded from the observations in Fig. 5.15

Comparison of the model simulations obtained from the spatially-uniform forcing and
the historical observations indicate a significant underestimation of the total streamflow
volume in the Rı́o Salado. The model simulations average 2.22 km3, while the historical
observations indicate 9.89 km3. This is primarily due to rainfall underestimation in the
higher elevations of the basin, where precipitation data is unavailable. For example,20

Fig. 3 indicates that the mountainous basin regions receive ∼400 to 460 mm/year, while
the Laguna, Socorro and Agustin sites only have ∼240 to 330 mm/year. Clearly, the use
of low-elevation rain gauge forcing does not lead to simulated streamflow volumes that
are comparable to historical data. To achieve the observed volumes, while maintaining
an annual runoff ratio of 15% (a reasonable approximation), a precipitation volume of25

65.93 km3 is required. This suggests that the lower elevation rain gauges only account
for ∼32% of the precipitation in the Rı́o Salado basin for the assumed runoff ratio.

Use of the stochastic rainfall model, conditioned on the historical data, leads to a
measurable improvement in the Rı́o Salado simulations (Fig. 5). The simulations use

337

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/6/319/2009/hessd-6-319-2009-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/6/319/2009/hessd-6-319-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
6, 319–371, 2009

Impact of climate
change on semiarid
watershed response

E. R. Vivoni et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

parameters for the five rain gauges derived from shorter observation periods (see Ta-
ble 2). While the forcing is not distributed as in the PRISM data (Fig. 3), the rain-
fall generation in each Thiessen polygon leads to higher precipitation in the mountain
regions. As a result, the ensemble members, shown as a box-and-whisker plot in
Fig. 5, span a range of streamflow volumes from 2.80 to 8.28 km3, with an average of5

5.52 km3 and standard deviation of 1.90 km3. This suggests that the stochastic rainfall
model provides more realistic forcing as compared to the uniform cases. Overall, the
stochastic simulations still underestimate observations by 16% to 76%, indicating the
challenges introduced by the lack of accurate precipitation data. As detailed in Aragón
(2008), however, model simulations capture the interannual and seasonal variations in10

the Rı́o Salado, though not the correct streamflow magnitudes. Similar challenges are
anticipated in other large, semiarid basins in the southwest US, in particular where the
precipitation data is sparse.

3.2 Analysis of long-term ensemble simulations

The long-term ensemble simulations allow quantifying how precipitation seasonality15

and interannual variations influence the basin hydrologic response in the Rı́o Salado.
Recall the stochastic simulations are conditioned on the spatiotemporal variations in
precipitation intensity, duration and frequency, as well as the temperature seasonality,
from the five rain gauges. The twenty-five realizations are generated by varying the
random number generator seeds in the precipitation and temperature models. Fig-20

ure 6 presents the cumulative volumes of precipitation (P ), evapotranspiration (ET ),
streamflow (Q) and drainage (D) over the 60-year simulations. Note that the cumula-
tive precipitation, streamflow and drainage series exhibit both seasonal and interan-
nual variations, as shown by the variable stair-step behavior. Inspection of the final
ensemble mean cumulative volumes indicates that the evapotranspiration ratio (ET /P )25

of 75.3% and runoff ratio (Q/P ) of 14.9% are consistent with the semiarid nature of
the Rı́o Salado. The remaining amount is partitioned to regional drainage (D/P=6.4%)
and small increases in soil moisture storage. These results are comparable to Li et
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al. (2007) who found ET /P=82.3% over a 5-year period in the Rı́o Grande, using a
high-resolution model.

Cumulative water balance components reveal the punctuated, but frequent, stream-
flow events in the Rı́o Salado (Fig. 6c), while drainage occurs infrequently (Fig. 6d)
when saturation allows transport beyond the root zone. Clearly, streamflow and5

drainage are of lower magnitude and frequency as compared to the consistent losses
to ET (Fig. 6b). This is supported by studies indicating high ET and lower stream-
flow and drainage pulses in the Rı́o Salado (e.g., Newman et al., 2006; Sandvig and
Phillips, 2006). Nevertheless, the ensemble mean Q/P and D/P from the watershed
model exceed previous estimates, for example by Grimm et al. (1997) (Q/P=<5%),10

Gochis et al. (2003) (Q/P=<2%, D/P=<2%) and Li et al. (2007) (Q/P=<2%). These
low estimates are inconsistent with the long-term streamflow data (0.43 km3/year) and
the basin-averaged annual precipitation from PRISM (342 mm or 1.23 km3 over the
basin, Fig. 3), which yield Q/P=34.8%. As a result, the model estimate (Q/P=14.9%)
is closer to the long-term runoff ratio, while preserving the high ET /P , as compared to15

previous studies in the region.
Figure 7 compares the cumulative volumes of the infiltration-excess (RI ) and

saturation-excess (RS ) runoff mechanisms over the 60-year ensemble simulations.
This comparison is a useful diagnostic tool to assess how the precipitation forcing
is converted into streamflow. The final ensemble mean cumulative volume for RI20

(10.19 km3) exceeds RS (1.31 km3) by nearly an order of magnitude. This indicates
that infiltration-excess is the dominant mechanism in the watershed model (88.5% of
total streamflow), consistent with the conceptualization of runoff in semiarid basins
(e.g., Beven, 2002; Newman et al., 2006; Vivoni et al., 2006). This implies that pre-
cipitation intensities, primarily during the North American monsoon (Fig. 4), exceed25

the soil infiltration capacity (Table 3) and are responsible for the major flood pulses.
Saturation-excess runoff is less common due to the infrequent occurrence of saturated
soil conditions. Furthermore, the variation among the ensemble members appears to
be greater for RS as compared to RI , suggesting that fully-saturated soil conditions can
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occur in particular instances in the simulations.
To further quantify the variations among the ensemble members, Table 5 presents

ensemble statistics for the water balance components (P , ET, Q and D) and runoff
mechanisms (RI and RS ): ensemble mean (µE ), standard deviation (σE ), and the coef-
ficient of variation (CV=σE /µE ) at the end of the simulation period. The ensemble σE5

and CV are measures of the absolute and relative variability among the realizations.
Higher CV in a water balance component, with respect to precipitation (CV=0.04), indi-
cates the hydrologic variable has greater relative variations in the ensemble. Thus, the
uncertainty in the precipitation forcing is amplified in the hydrologic response. For ex-
ample, streamflow (CV=0.10) and drainage (CV=0.19) are more variable as compared10

to precipitation, while ET (CV=0.04) has similar relative variability. Clearly, evapotran-
spiration is primarily subject to uncertainty in precipitation.

A close comparison of the relative variability of the infiltration- and saturation-excess
runoff in Table 5 further highlights the propagation of precipitation uncertainty in the
hydrologic model. While RI has a larger ensemble mean, it exhibits significantly lower15

CV as compared to RS . This suggests that threshold runoff processes that are depen-
dent on both precipitation and the degree of soil saturation have greater variability in a
semiarid region where the soils are usually dry. Note that the variability in RS is respon-
sible for a large proportion of the streamflow CV, in particular for the early period of the
simulation (Fig. 6). Similarly, the drainage process exhibits a large ensemble variation20

since it depends on having saturated conditions in the soil profile. This analysis indi-
cates the model can amplify the precipitation uncertainty in the hydrologic response
due to the nonlinear and threshold nature of the underlying processes.

3.3 Analysis of precipitation and temperature change scenarios

Considerable debate still exists with respect to the anticipated climate changes for the25

southwest US. For example, Serrat-Capdevila et al. (2007) found a wide variation in
rainfall projections (from ∼100 to 510 mm/year by the year 2100) in the San Pedro
basin (AZ) from 17 simulations. Given this range of climate change projections, we
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identified two observed precipitation trends that could be imposed to the watershed
model as the basis for constructing climate scenarios: (1) a decrease in the winter
season inter-storm duration, DIS (Molnár and Ramı́rez, 2001; Hamlet and Lettenmaier,
2007), and (2) an increase in the summer season storm intensity, I (Diffenbaugh et al.,
2005; Peterson et al., 2008). We selected the months of December to February (DJF)5

and July to September (JAS) to represent the two seasons. Percentage changes (%)
in the mean monthly DIS and I in reasonable ranges (Fig. 4) were applied at all rain
gauge sites during the long-term simulations. We refer to percentage decreases in DIS
as “winter scenarios” and increases in I as “summer scenarios” in the following discus-
sion. Clearly, both hypothesized scenarios lead to increases in the total precipitation10

volume in the basin, but vary with respect to the seasonal distribution and precipitation
characteristics (intensity, duration and frequency).

Figure 8 presents the variation in the precipitation forcing for the winter and summer
scenarios derived from a sequence of long-term (60-year) simulations. For the win-
ter scenarios, inter-storm duration is decreased from the nominal value (DIS=129.7 hr)15

to a minimum value (DIS=12.8 hr, 90% decrease). This decrease in DIS results in a
nonlinear increase in precipitation from 71.6 to 140.6 km3 (Fig. 8a). For the summer
scenarios, storm intensity is increased from the nominal case (I=1.8 mm/hr) to a maxi-
mum value (I=3.6 mm/hr, 100% increase). Increasing storm intensity results in a linear
precipitation increase from 71.6 to 109.8 km3 (Fig. 8b). The scenarios indicate that20

precipitation sensitivity varies as a function of the parameter changes. To reach a com-
mon basis for comparison, we selected cases with matching precipitation volume: (1) a
82% decrease in winter inter-storm duration (DIS=23.1 hr), and (2) a 100% increase in
summer intensity (I=3.6 mm/hr), yielding P=109.7 km3. The matching cases are used
to carry out ensemble simulations that compare the effects of seasonal precipitation25

variations.
The impacts of precipitation changes on the water balance fractions (ET /P , Q/P and

D/P ) and the runoff fractions (RI /Q and RS /Q) are shown in Fig. 8. Increases in winter
precipitation induced by lower DIS yield reductions in ET /P and Q/P and increases
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in D/P (Fig. 8c). This partitioning is primarily due to the increased soil moisture in-
duced by lower potential ET and light-intensity storms during the winter. As a result,
the watershed model sensitivity is consistent with the greater winter soil moisture and
recharge in the southwest US (e.g., Phillips et al., 2004; Serrat-Capdevila et al., 2007).
Increased winter precipitation has a minimal effect on the runoff fractions (Fig. 8e). The5

summer scenarios, on the other hand, exhibit a decrease in ET /P and an increase in
Q/P and D/P with higher I (Fig. 8d). This is due to an increase in soil moisture that
promotes higher streamflow and drainage. Interestingly, the increase in Q with more
intense storms also leads to an increase in RS /Q, due to the presence of higher levels
of soil saturation, though RI /Q is still the dominant mechanism (Fig. 8f). Note that the10

two matching cases (i.e., winter DIS decrease of 82% and summer I increase of 100%)
should have comparable ET /P , but differing amounts of D/P , Q/P and its partitioning
(RI /Q and RS /Q), as explored next.

Figure 9 shows the cumulative water balance volumes obtained from twenty-five,
long-term simulations performed for the matching winter and summer scenarios. The15

ensemble mean P , ET, Q and D are shown as thick solid lines in Fig. 9. By de-
sign, the cumulative precipitation volumes are similar, leading to overlapping envelops
(Fig. 9a), though the methods used to achieve this are different. As a result, there are
only small variations in the cumulative ET (Fig. 9b) in the scenarios, with the sum-
mer (ET /P=63.9%) experiencing lower ET as compared to the winter (ET/P=71.5%).20

The variations in precipitation characteristics, however, lead to significant differences
in the streamflow and drainage. Note that the summer ensemble mean has nearly 2.5
times more Q (Fig. 9c) and 1.6 times higher D (Fig. 9d) as compared to the winter.
In addition, the ensemble streamflow envelops become distinct and non-overlapping
for the summer (Q/P=27.4%) and winter (Q/P=11.1%) scenarios, suggesting a fun-25

damental change in runoff production among the scenarios. Drainage differences, on
the other hand, are less pronounced as indicated by the slightly overlapping ensemble
envelopes.

To diagnose the underlying causes for the streamflow differences, Fig. 10 presents
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the cumulative volumes of the infiltration- and saturation-excess runoff for the matching
cases. Though both ensembles lead to increases in RI and RS relative to Fig. 7 (i.e.,
long-term simulations under historical conditions), the impact of higher summer storm
intensity is an overwhelming control on the streamflow response, primarily through its
impact on infiltration-excess runoff. Thus, more intense summer storms (e.g., Peterson5

et al., 2008; Diffenbaugh et al., 2005, 2008) would yield a disproportionate impact on
the streamflow and aquifer recharge in the Rı́o Salado. Note, however, that the sum-
mer ensemble also exhibits greater RS , an indication that higher soil moisture occurs
in response to the summer storms, consistent with the higher drainage. The ensem-
ble variations in RI and RS also differ among the two scenarios, with higher relative10

variability in RS for the winter and in RI for the summer. This indicates that changes
in seasonal precipitation (i.e., more frequent winter storms or more intense summer
storms) have different consequences on the runoff partitioning in the Rı́o Salado.

The hydrologic effects of the winter and summer scenarios for the matching precipi-
tation volume is further quantified in Table 6. Here, the ensemble mean (µE ), standard15

deviation (σE ), and the coefficient of variation (CV ) are presented for each scenario. An
amplification of precipitation uncertainty (CV=0.04 in winter and 0.05 in summer en-
sembles) is observed in the hydrologic response, in particular for drainage, streamflow
and the runoff mechanisms. Both scenarios exhibit comparable relative streamflow
variability (CV=0.09). Nevertheless, changes in winter precipitation lead to greater20

CV for hydrologic processes related to thresholds in soil saturation (e.g., saturation-
excess runoff and drainage). While this is important, it is tempered by the fact that
the summer scenarios yield significantly larger µE for streamflow and drainage, thus
having a greater impact on the overall water balance in the Rı́o Salado. Clearly, this
comparison indicates that seasonal precipitation trends result in varying hydrologic ef-25

fects, which argues for a seasonal focus in climate change studies in the region (e.g.,
Serrat-Capdevila et al., 2007).

The previous analysis has focused exclusively on precipitation trends for winter and
summer periods. An important consideration is the impact of elevated air temperature
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resulting from climate change (e.g., Alexander et al., 2006; Diffenbaugh et al., 2008).
In this study, we imposed air temperature increases from 0 to 4◦C by modifying the
stochastic temperature model for single, long-term realizations of the winter and sum-
mer scenarios. Note that these simulations combine the seasonal precipitation trend
previously explored with the air temperature increase. Figure 11 presents the limited5

sensitivity of the water balance fractions (ET /P , Q/P and D/P ) to the temperature in-
creases in the Rı́o Salado. Slight increases in ET /P (from 74.6% to 80.0%), Q/P (from
8.5% to 9.5%) and D/P (from 2.9% to 3.4%) are observed for the winter scenario, while
the summer scenario remains unchanged. The higher winter sensitivity is consistent
with the temperature effect on snow accumulation and melt as well as on the relatively10

higher impact on potential ET. As noted by Serrat-Capdevila et al. (2007), however, a
slight increase in temperature in semiarid regions may have limited effects on ET as
the actual rates are limited by soil moisture amounts. As a result, it is clear that the hy-
drologic model application in the Rı́o Salado is more sensitive to seasonal precipitation
trends than to temperature changes.15

A low hydrologic sensitivity to temperature changes, as compared to precipitation
trends, was also found by Nash and Gleick (1991), McCabe and Hay (1995) and Let-
tenmaier et al. (1999) for other basins in the western US. Given the rainfall-dominated
nature of the Rı́o Salado in central New Mexico, it is plausible to expect that changes in
precipitation characteristics would yield larger differences in the hydrologic response.20

Nevertheless, there are measurable effects of temperature increases in the winter,
which coupled to the precipitation trend in that season, yield hydrologic sensitivities
that begin to mimic the summer season scenarios (i.e, lower ET /P and higher Q/P and
D/P ). In other words, imposing a realistic temperature trend in the Rı́o Salado leads
to a more sensitive basin response throughout the year (winter and summer), as com-25

pared to having no temperature trend. Clearly, the precipitation scenarios tested here
are not necessarily mutually exclusive, though we have tested them separately. If more
frequent winter storms, more intense summer storms and higher temperatures occur
simultaneously, the hydrologic consequences would be compounded as these effects
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operate in the same direction.

4 Summary and conclusions

Understanding the hydrologic effects of potential climate changes in the southwest US
is challenging due to several factors, including, but not limited to: (1) the complex na-
ture of the hydrologic processes in semiarid basins, (2) the inherent climate variability5

that characterizes the region, (3) the sparse distribution of hydrologic observations,
and (4) the uncertainty in climate projections during the two major precipitation sea-
sons. In this study, we developed a watershed modeling tool tailored to the semiarid
basins in the southwest US that attempts to capture the various forms of precipita-
tion variability and the dominant hydrologic processes in a simplified and parsimonious10

fashion. While more complex numerical models (e.g., Vivoni et al., 2007; Liuzzo et al.,
2008) could represent the climatic forcing and watershed characteristics in greater de-
tail, the computational demands would not facilitate long-term, ensemble simulations
of climate change scenarios in a decision support environment (Tidwell et al., 2004). In
this respect, the semi-distributed watershed model can ultimately provide predictions15

that aid in water management and decision making in regions where water is a limited
resource.

While there are many potential applications of the semi-distributed model, this study
focuses on evaluating the model sensitivity to imposed precipitation and temperature
scenarios in the Rı́o Salado of central New Mexico. The scenarios capture recent20

evidence for the variation in seasonal precipitation in the southwest US (e.g., Alexander
et al., 2006; Peterson et al., 2008; Diffenbaugh et al., 2008). However, since the
scenarios only represent climate trends in a coarse manner, we focus our attention on
the hydrologic model response and its sensitivity. This allows gaining insights that may
be useful for more realistic climate scenarios and to generalize the results to similar25

basins in the region. Results from this study indicate the following:

1. The continuous, semi-distributed watershed model developed for applications in
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large, semiarid basins in the southwest US is able to capture the spatial and
temporal variations in climate forcing and watershed characteristics in a coarse,
but parsimonious, fashion. By using Hydrologic Response Units (HRUs) and a
storm and inter-storm time step, the model is able to capture brief and intense
hydrologic responses to winter and summer precipitation regimes. As a result5

of the model computational feasibility, long-term ensemble simulations of climate
change scenarios are feasible at the basin-scale for use within a decision support
environment.

2. Comparisons of the simulated streamflow to the historical gauge record in the
Rı́o Salado reveal the difficulties in applying the model with uniform forcing from10

low-elevation rain gauge sites. Conditioning the stochastic rainfall model with all
available rain gauge data leads to measurable improvements in the simulated
streamflow. Long-term ensemble simulations of the historical period also lead to
evapotranspiration and runoff ratios that improve previous estimates in the semi-
arid region. Given the scarcity of accurate precipitation data in the southwest US,15

an ensemble-based approach is a useful means for hydrologic assessments in
ungauged basins.

3. A hydrologic amplification of the precipitation forcing uncertainty is observed for
historical periods and climate change scenarios. Ensemble statistics reveal this
amplification is highest for hydrologic processes dependent on a soil saturation20

threshold, in particular drainage and saturation-excess runoff. Negligible ampli-
fication is observed for evapotranspiration due to the low actual rates as com-
pared to the potential values. Precipitation uncertainty propagation also varies
among the winter and summer scenarios, indicating that a seasonal focus in cli-
mate changes studies is warranted in the region due to the dual nature of the25

precipitation regime.

4. Precipitation scenarios constructed for the winter and summer seasons capture
observed and anticipated trends of more frequent winter storms and more intense
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summer events in the southwest US. The hydrologic responses vary for each sce-
nario, with a greater sensitivity of the water balance and runoff partitioning to the
summer cases. Ensemble simulations with matching precipitation volumes lead
to distinct and non-overlapping streamflow responses in the winter and summer
seasons that indicate a fundamental change in runoff generation. This is diag-5

nosed as the result of the impact of intense summer storms on infiltration-excess
runoff.

5. Combining the precipitation scenarios with increases in air temperature yields
small, but measurable effects on the winter hydrologic response, and a minimal
impact in the summer season. Overall, the hydrologic model application in the10

rainfall-dominated Rı́o Salado is more sensitive to seasonal precipitation changes
than to rising temperatures. Imposing a realistic temperature trend, however,
leads to a more sensitive basin response throughout the year, as compared to
no temperature trend. As a result, the combined precipitation and temperature
changes lead to a winter hydrologic response that starts to mimic the summer15

season.

The results of this study are based on long-term ensemble simulations generated by
a semi-distributed watershed model whose development parallels existing approaches
(e.g., Martinec et al., 1983; Liang et al., 1994; Federer et al., 2003; Hargreaves and
Allen, 2003). As in any modeling study, the results depend upon the assumptions20

and limitations of the model structure, parameterization and forcing. For this particular
study, the most important assumptions include: (1) the coarse representation of the
spatial (HRUs) and temporal (storm and inter-storm event) discretization, (2) the lack
of spatially-distributed precipitation and temperature data that fully capture elevation
effects, and (3) the use of relatively simple approaches to mimic observed or antic-25

ipated climate trends and their uncertainty in winter and summer seasons. Despite
these assumptions, the results of this study are useful for understanding the hydrologic
sensitivities to climate change in semiarid basins of the southwest US where relatively
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few studies have been conducted (e.g., Christensen et al., 2004; Kim, 2005; Serrat-
Capdevila et al., 2007), typically with models having comparable sophistication as the
approach presented here.

The level of sophistication in hydrologic assessments of climate change impacts
could be significantly improved through two avenues: (1) improvements in the compu-5

tational feasibility of distributed hydrologic models that more faithfully represent basin
properties, meteorological forcing and the underlying processes, for example, Abbott et
al. (1986), Wigmosta et al. (1994), and Vivoni et al. (2007), and (2) improvements in re-
gional climate change predictions at the high spatial and temporal resolutions needed
to drive basin-scale hydrologic models with their required forcing variables (e.g., Diffen-10

baugh et al., 2005, 2008). In anticipation of these advances, the proposed approach in
this study allows investigation of the basin hydrologic response and its sensitivity under
seasonal climate scenarios that capture forcing uncertainty. In this respect, the major
contribution of this study is to identify how observed climate trends in the winter and
summer season affect the regional water supply. The challenges for water resources15

management in the face of these hydrologic changes are formidable.
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Table 1. Percentage of basin area in the Rı́o Salado (total area of 3610 km2) for each coarse
soil and vegetation classification.

Soil Class Area (%) Vegetation Class Area (%)

Bedrock 38.43 Forest 23.73
Sand 0.22 Grass 20.83
Loamy sand 3.08 Shrub 55.44
Sandy loam 28.67 Urban/Water <0.01
Loam 27.46
Silt loam 1.01
Clay loam 1.03
Silty clay loam 0.10

355

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/6/319/2009/hessd-6-319-2009-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/6/319/2009/hessd-6-319-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
6, 319–371, 2009

Impact of climate
change on semiarid
watershed response

E. R. Vivoni et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Table 2. Characteristics of rain gauges near the Rı́o Salado from the National Climatic Data
Center (NCDC) and Western Regional Climate Center (WRCC).

Rain gauge Agustin Brushy Mountain Datil Laguna Socorro

Longitude (dd) −107.617 −107.848 −107.766 −107.367 −106.883
Latitude (dd) 34.083 34.719 34.289 35.033 34.083
Elevation (m) 2133.6 2670.7 2316.5 1773.3 1397.5
Record lengths 1948–2007 1992–2007 2003–2007 1946–2006 1948–2006
Resolution (mm) 0.254 0.254 0.254 0.254 0.254
Source NCDC WRCC WRCC NCDC NCDC
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Table 3. Model parameters for the Rı́o Salado soil classes.

Soil Class K s (cm/hr) BP (−) φ (−) θs (−) θr (−)

Bedrock 0.05 0.05 0.10 0.10 0.01
Sand 23.56 0.69 0.44 0.42 0.02
Loamy sand 5.98 0.55 0.44 0.40 0.04
Sandy loam 2.18 0.38 0.45 0.41 0.04
Loam 1.32 0.25 0.46 0.43 0.03
Silt loam 0.68 0.23 0.50 0.49 0.02
Clay loam 0.20 0.24 0.46 0.39 0.08
Silty clay loam 0.20 0.18 0.47 0.43 0.04
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Table 4. Model parameters for the Rı́o Salado vegetation classes.

Vegetation Class pveg (−) LAI (−) ICL (mm) Z r (m)

Forest 0.60 6 4.5 1.5
Grass 0.75 3 1.9 1.5
Shrub 0.30 3 1.1 1.5
Urban/Water 0 0 0 0
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Table 5. Ensemble mean (µE ), standard deviation (σE ) and coefficient of variation (CV ) of
water balance component volumes (km3) at the end of the 60-year simulations.

Water Balance Component µE (km3) σE (km3) CV

Precipitation (P ) 77.02 3.22 0.04
Evapotranspiration (ET ) 58.01 2.51 0.04
Drainage (D) 4.90 0.93 0.19
Streamflow (Q) 11.51 1.12 0.10
Infiltration-excess runoff (RI ) 10.19 0.67 0.07
Saturation-excess runoff (RS ) 1.31 0.69 0.53
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Table 6. Same as Table 5, but for winter and summer precipitation scenarios.

Water Balance Component
Winter Scenarios Summer Scenarios

µE (km3) σE (km3) CV µE (km3) σE (km3) CV

Precipitation (P ) 112.99 4.09 0.04 117.51 5.90 0.05
Evapotranspiration (ET ) 80.78 3.31 0.04 75.05 3.42 0.05
Drainage (D) 5.21 1.07 0.21 8.27 1.08 0.13
Streamflow (Q) 12.54 1.11 0.09 32.19 3.00 0.09
Infiltration-excess runoff (RI ) 11.11 0.67 0.06 27.30 1.88 0.07
Saturation-excess runoff (RS ) 1.43 0.68 0.48 4.89 1.61 0.33
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Fig. 1. (a) Rı́o Salado basin in New Mexico, along with highlighted counties of Catron, Cibola,
and Socorro. (b) 30-meter digital elevation model (DEM) of the Middle Rı́o Grande basin, with
the highlighted Rı́o Salado watershed.
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Fig. 2. Reclassified regional (a) vegetation and (b) soil maps are combined to produce (c) a
Hydrologic Response Unit (HRU) distribution for the Rı́o Salado.
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Fig. 3. Location of the rain gauges near the Rı́o Salado basin along with the associated
Thiessen polygon relative to the basin boundary. The mean annual precipitation (1971–2000)
from PRISM (Precipitation-elevation Regressions on Independent Slopes Model) is shown.
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Fig. 4. Comparison of the estimated, monthly precipitation parameters at the rain gauges sites:
(a) Storm intensity, I (mm/hr), (b) Storm duration, Ds (hr) and (c) Inter-storm duration, DIS (day).
Solid lines represent the monthly average values at all rain gauge sites.
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Fig. 5. Total streamflow volumes (km3) for the Rı́o Salado basin from deterministic model
simulations with uniform forcing at the Agustin, Laguna and Socorro rain gauges; historical
observations at the streamflow gauge; and the ensemble model simulations using the stochas-
tic rainfall model (twenty-five realizations) over the 30-year period (1949–1978). Note that the
stochastic model results are shown as a box-and-whisker plot, with the median of the distri-
bution (horizontal line), the lower and upper quartiles (box) and the maximum and minimum
values (vertical bars). The notch represents a robust estimate of the uncertainty around the
median.
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Fig. 6. Basin-scale water balance components in the Rı́o Salado based on twenty-five en-
semble runs shown as cumulative volumes over the 60-year simulation, with a 10-year model
spin-up: (a) Precipitation (km3), (b) Evapotranspiration (km3), (c) Streamflow (km3), and (d)
Drainage (km3). The thick lines in each denote the cumulative ensemble means.
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Fig. 7. Same as Fig. 6 but for (a) Infiltration-excess runoff (km3) and (b) Saturation-excess
runoff (km3).
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Fig. 8. Winter and summer precipitation change scenarios. (a) Precipitation volume (P , km3)
and inter-storm duration (DIS , hr) as function of the decrease in DIS (%) for winter scenarios.
(b) Precipitation volume (P , km3) and storm intensity (I , mm/hr) as function of the increase in
I (%) for summer scenarios. (c, d) Water balance fractions (ET /P , Q/P , D/P ) for the winter
and summer scenarios, where ET is evapotranspiration, Q is streamflow and D is drainage
volumes. (e, f) Runoff fractions (RI /Q, RS /Q) for the winter and summer scenarios, where RI ,
RS and Q are infiltration-excess, saturation-excess and total runoff.
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Fig. 9. Basin-scale water balance components in the Rı́o Salado for a decrease in winter (DJF)
inter-storm duration (blue lines, 82% decrease in DIS ) and an increase in summer (JAS) storm
intensity (red lines, 100% increase in I). Results are shown as cumulative volumes over the 60-
year simulations: (a) Precipitation (km3), (b) Evapotranspiration (km3), (c) Streamflow (km3),
and (d) Drainage (km3).
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Fig. 10. Same as Fig. 9 but for (a) Infiltration-excess runoff (km3) and (b) Saturation-excess
runoff (km3).
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Fig. 11. Water balance fractions (ET /P , Q/P , D/P ) as a function of an air temperature increase
(◦C) for the winter (82% decrease in inter-storm duration) and summer (100% increase in storm
intensity) scenarios.
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