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ABSTRACT 

 

Water managers for the City of Phoenix face the need to make informed policy decisions 

regarding long-term impacts of climate change on the Salt-Verde River basin. To provide a 

scientifically informed basis for this, we estimate the evolution of important components of 

the basin-scale water balance through the end of the 21st century. Bias-corrected and 

spatially downscaled climate projections from the Phase-3 Coupled Model Intercomparison 

Project of the World Climate Research Programme were used to drive a spatially distributed 

variable infiltration capacity model of the hydrologic processes in the Salt-Verde basin. 

From the many 'ÌÏÂÁÌ #ÌÉÍÁÔÅ -ÏÄÅÌȭÓ ÐÁÒÔÉÃÉÐÁÔÉÎÇ ÉÎ ÔÈÅ )0## ÆÏÕÒÔÈ ÁÓÓÅÓÓÍÅnt, we 

selected a five-model ensemble, including three that best reproduce the historical 

climatology for our study region, plus two others to represent wetter and drier than model 

average conditions; the latter two were requested by City of Phoenix water managers to 

more fully represent the full range of GCM prediction uncertainty. For each GCM, data for 

three emission scenarios (A1B, A2, B1) was used to drive the hydrologic model into the 

future. The model projections indicate a statistically significant 25% decrease in streamflow 

by the end of the 21st century.  Contrary to previous assessments, this is not caused 

primarily by changes in the P/E ratio, but is found to result mainly from decreased winter 

precipitation  accompanied by significant (temperature driven) reductions in storage of 

snow. The results show clearly the manner in which water management in central Arizona 

is likely to be impacted by changes in regional climate. 
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CHAPTER 1 INTRODUCTION 

1.1 Introduction  

1.1.1 Background  

Arizona uses about 8 million acre-feet (2.3 trillion gallons) of water each 

year. A majority of this water (~75%) is used for agriculture and the rest is used by 

residents and industry. To meet much of its water requirement, semi-arid Arizona 

relies upon surface water sources within the state supplemented by an allocation of 

approximately 2.8 million acre-ft/year from the Colorado River. The combined 

source of surface water provides a little more than 50% of the water used in the 

state, with groundwater sources being the next big source of water supply. In 

particular, central Arizona relies on big reservoir projects such as the Salt River 

Project (SRP) and the Central Arizona Project (CAP) to meet its ever-growing 

demand. Projected changes in regional climate are expected to directly impact this 

surface water availability (IPCC, 2007; Seager et al., 2007). Consequently, the 

complex question of how to maintain sustainable water resources in Arizona has 

become increasingly important. 

 The Colorado River drains 7 states (Wyoming, Colorado, Utah, (upper basin); 

Arizona, New Mexico, Nevada, and California (lower basin)) in the western US. The 

upper Colorado River basin is probably one of the best studied watersheds in the 

world, however the lower basin which consist smaller rivers which no longer drain 
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into the Colorado River have been relatively less studied. Several studies of the 

upper basin indicate that allotted deliveries (~2.8 MAF) from the Colorado River to 

Arizona may fall short due to population growth and a changing climate (e.g. Nash 

and Gleick, 1991, Christenssen et al., 2004, 2007, McCabe and Wolock, 2008, 

Rajagopalan et al., 2009, Barnett and Pierce, 2009). While Central Arizona receives 

part of this water through the CAP canal, the CAP has the lowest priority of Lower 

Colorado allocations and must curtail usage in a shortage year. Since Central 

Arizona also receives water from the Salt-Verde River basin through SRP (a water 

and power utility company for the City of Phoenix & the Salt River Valley that serves 

1 Million retail customers and delivers more than 1 million acre-feet annually), it is 

critical that we understand the impacts of climate change on these two rivers.  

Past studies in the Salt-Verde basin have examined paleo-climate records 

from tree rings (Figure 1.1) (Smith and Stockton, 1981) to quantify historical 

streamflow and drought in the basin. From this reconstruction it can be seen that 

the streamflow in the Salt-Verde Rivers goes below average for multiple years 

before a wet period brings the streamflow above average. Sheppard et al. (2002) 

have investigated the climate system of the southwest US to show conceptually the 

sources of moisture to this semi-arid region (Figure 1.2). From this figure it may be 

observed that the source of the winter moisture is from the northern Pacific ocean. 

These storms intern can be attributed to mid-latitude cyclones that large spatial 

scales that originate in the mid-latitudes. Whereas in the summer the moisture 
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surges from the eastern Pacific through the Gulf of California and Gulf of Mexico, 

depending on the location within the region of interest.  

 

Figure 1.1 Reconstructed streamflow using tree rings for the Salt -Verde River s 
in central Arizona. Source:  Smith and Stockton et al., (1981) 
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Figure 1.2 Conceptual model of moisture source to the Southwest US. Source: 
Sheppard et al., (2002) 

 

Despite the study of tree rings and a conceptual understanding of moisture 

sources to the southwest US, there remains a lack of understanding regarding how 

climate affects surface hydrological processes in central Arizona. In particular more 

understanding is needed about the: 1) spatial and temporal variability of 

precipitati on, evapotranspiration (ET) and snow water equivalent (SWE) within the 

basin, 2) partitioning of precipitation into ET and recharge to compute the available 

water, and 3) the impacts of future climate change on variables such as temperature, 

streamflow, soil moisture, ET and SWE. Understanding the complex relationships 

between climate and hydrology is critical to the development of long term 

sustainable water management plans. 
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 A satisfactory definition of climate may not be easily obtainable, but 

according to McGuffie and Henderson-Sellers, 2005 ÃÌÉÍÁÔÅ ÍÁÙ ÂÅ ÄÅÆÉÎÅÄ ÁÓ ȬÁÌÌ ÏÆ 

the statistics describing the atmosphere and ocean determined over an agreed time 

interval (seasons, decades or longer), computed for the globe or possibly for a 

selected region. This definition though broad emphasizes the importance of higher 

order statistics, such as variance than just the mean. The climate does not remain 

constant but is changing constantly. Climate change as defined by the 

Intergovernmental Panel on Climate Change (IPCC) is as follows: 

ȰClimate change in IPCC usage refers to a change in the state of the climate that can be 

identified (e.g. using statistical tests) by changes in the mean and/or the variability of 

its properties, and that persists for an extended period, typically decades or longer. It 

refers to any change in climate over time, whether due to natural variability or as a 

result of human activity.ȱ ɉIPCC, 2007) 

 Figure 1.3 shows the observed trends in global average air and ocean 

temperatures, melting of snow, and rising global average sea level. From the 

instrumental record of temperature one can see very clearly an increase which is 

global in nature. Increase in temperatures causes a decrease in snow and ice extent 

which leads to an increase in sea level. The trends in each of the variables are 

consistent with one another. Apart from changes at a global scale, continental, 

regional and ocean basin scale changes have been observed (IPCC, 2007) 
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Figure 1.3 Observed trends in global temperature, sea level and snow cover 
over the past 150 years. Source : IPCC (2007) 

  

 Climate variability is driven by natural cycles which sometimes vary from 

couple of years, to decades. Many of these natural cycles are related to persistence 

of sea surface temperatures in certain regions of the Pacific and Atlantic oceans. 

Some well-known examples of such natural climate change drivers are ENSO (El 

Nino Southern Oscillation; Trenberth 1997), Pacific Decadal Oscillation (PDO; 



 
 
 

22 
 
 

Mantua et al., 1997) and the North Atlantic Oscillation (NAO; e.g. Hurrell and 

VanLoon, 1997). The changes in climate due to these natural causes are observable 

though the physical processes behind these cycles are areas of active research 

(Newman, 2007). In our region of study, which comprises the larger Colorado River 

basin, studies have shown that ENSO and PDO influence winter precipitation such 

that more (less) precipitation occurs in El Niño-high PDO (La Niña-low PDO) type 

years and hence streamflow in the basin is primarily driven by winter precipitation 

(e.g. Hidalgo and Dracup, 2003; Canon et al., 2007; Balling and Goodrich, 2007).  

 In addition to natural variability presented above, the cause for increasing 

temperatures at a smaller timescale of about 150 years, the radiative forcing of the 

climate is dominated by long-lived greenhouse gas (GHG). Carbon dioxide (CO2) is 

the most important anthropogenic GHG along with smaller contributions from 

methane (CH4) and nitrous oxide (N2O) (IPCC, 2007). From the synthesis of 

observations, the annual emissions of CO2 has grown substantially over the last 30 

years with most GHG coming from energy supply, transport and industry, and 

smaller contributions from residential and commercial buildings, forestry and 

agriculture sectors (IPCC, 2007). Figure 1.4a shows the atmospheric concentrations 

of CO2, CH4, and N2O based on data from ice cores over the last 10,000 years. From 

this figure it may be seen that there is an increase in GHG concentrations since about 

1750 (inset panels). 



 
 
 

23 
 
 

 The special report on emissions scenarios (SRES, 2000) projected an increase 

in baseline global GHG emissions between 25 to 90% between 2000 and 2030. 

Figure 1.4b shows these scenarios for the future in the absence of additional climate 

policies. In these scenarios, fossil fuels are projected to maintain their dominant 

position in the global energy mix till 2030 and beyond. Since published in 2000, post 

SRES studies have incorporated population growth, economic growth, effects of 

aerosols which have a net cooling effect, in the projections of GHG. In the current 

research, three storylines (A2, A1B, and B1) of projected GHG scenarios are studied. 

A2 describes a very heterogeneous world with high population growth, slow 

economic development and slow technological change. A1B describes alternative 

directions of technological change with a balance across all energy sources. B1 

describes a convergent world with the global population peaking in the mid-

century, but with more rapid changes in economic structures toward a service and 

information economy.  

 Advances in climate change modeling now enable us to model the climate for 

projected GHG scenarios of the 21st century. Figure 1.4c shows the projections of 

surface warming over the 21st century under various GHG scenarios. Though only 

the most likely scenario is shown in this figure, please refer the IPCC, (2007) report 

for likely ranges. Warming is expected to occur over land and at most northern 

latitudes. The least warming is expected to occur near Antarctica and North Atlantic. 
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Figure 1.4 (a) Observed increases in GHG over the past 10,000 years.  (b) 
Scenarios of GHG emissions based on SRES, 2000. (c) Atmosphere-Ocean GCM 
projections of surface warming  
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  Many different global climate models or general circulation models (GCMs) 

have been developed by various research groups around the world (e.g. UK-Hadley 

Climate Model, Max Planck Institute- ECHAM5, National Center for Atmospheric 

Research, CCSM3) and thus variability of their simulation of the climate is large. But 

when observed trends are reproduced by the GCMs then these models may be used 

to reliably to predict future changes (Covey et al., 2003). There is a basic problem 

using GCM models to predict local hydrologic change, since the spatial resolution of 

the GCMs is too coarse (typically ~2 deg grids) for the data to be directly merged 

with hydrologic models (typically at least 1/8th deg grids). Hence strategies of 

downscaling the information from the GCM scale to the hydrologic model scale need 

to be employed, as discussed in section 1.2.  

1.1.2 Statement of the problem  

 The overarching question that needs to be answered specifically for different 

regions in the world is how does climate change affect water availability in my 

region of interest? Though the question seems fairly simple, the method of assessing 

such regional change is complex.  

 A fairly common approach to research change over a specific region of 

interest is to obtain the output from all available GCMs for that region and either 

statistically or dynamically downscale this output to the scale at which a hydrologic 

model is setup. Then merge the climate output data with the hydrologic model to 
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predict change. Assuming one takes such an approach the following questions still 

remain: 

¶ How does one select the GCM to study regional change? 

¶ What aspects of climate change is one interested in, e.g. is studying the 

impact to snow more important than studying flooding extremes. 

¶ Is statistical downscaling sufficient to study climate change in your basin of 

interest or is dynamical downscaling important to have any meaningful 

results? 

¶ If statistical downscaling is chosen, then what statistical methods are applied 

and if dynamical downscaling is applied which RCM will be used. What are 

the tradeoffs for the choices made? 

¶ What hydrologic model should one use for such a study? 

¶ Does the structure of the hydrologic models sufficiently describe the 

watershed under study? 

¶ Does the GCM output merged with the hydrologic model produce output that 

are consistent with historical observed values such as precipitation, 

temperature, streamflow etc.? 

 It is clear from above that the current state of the art leaves considerable 

room for improvement in most of the above mentioned questions.  
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1.2 Review of the Litera ture  

1.2.1 Strategies used to assess hydrologic impacts of climate change  

1.2.1.1 Overview  

 GCMs are important tools used to study climate impact assessments (Fowler 

et al., 2007). The GCMs used in the IPCC 4th assessment are numerical models that 

represent the coupled atmosphere-ocean-land surface system which offer 

considerable potential for the study of climate change and variability. Even though 

they represent the coupled system, the spatial resolution of these models remain 

relatively coarse because of which they do not resolve subgrid scale features such as 

topography and land use (Grotch and MacCracken, 1991). The techniques used to 

bridge this gap between the climate model resolution to regional and local scale 

ÐÒÏÃÅÓÓ ÉÓ ÇÅÎÅÒÁÌÌÙ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ȬÄÏ×ÎÓÃÁÌÉÎÇȭȢ 4×Ï ÆÕÎÄÁÍÅÎÔÁÌ ÁÐÐÒÏÁÃÈÅÓ ÅØÉÓÔ 

for downscaling GCM output to a finer resolution viz. dynamical downscaling and 

statistical downscaling. The next two sections present information to give a broad 

understanding of the methodologies.  

1.2.1.2 Statistical downscaling of GCM projections  

 Statistical downscaling methods can generally be grouped into three groups, 

1) regression models, 2) weather typing schemes and 3) weather generators 

(Fowler et al., 2007). The fundamental concept of most statistical downscaling 

methods is that a relationship exists between large-scale atmospheric state and 

regional climates.  This can be expressed mathematically either as a stochastic 
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and/or deterministic predictors (lar ge scale atmospheric variables) predictands 

(regional climate variable) relationship. The choice of the predictor is important in 

establishing a meaningful relationship. The inherent assumptions in statistical 

downscaling are 1) the predictor variable should be physically meaningful and 

reproduced well by the GCM and be able to reflect the processes responsible for 

climate variability on a range of timescales and 2) the predictor-predictand 

relationship is assumed stationary meaning it remains the same in a changed future 

climate.  

 Statistical methods are straightforward to apply compared to dynamical 

downscaling which is computationally very expensive. However, statistical 

downscaling tends to underestimate variance and poorly represent extreme events. 

Regression methods and some weather typing methods also under predict climate 

variability. One may wonder which of the statistical downscaling techniques is the 

best, but the answer to this question is not straight forward. Different methods have 

their own strengths and weakness for e.g. weather generators are skillful at wet-day 

occurrence and amount but are less skillful for inter-annual variability whereas 

artificial neural networks simulate inter-annual variability well but are known to 

poorly simulate wet day occurrence (Wilby and Wigley, 1997). 

 Few studies have compared relative performance of statistical and dynamical 

methods in climate impact assessment. One of the highly sited papers which did 

such a comparison is Wood et al., (2004) where they compared six relatively simple 
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statistical downscaling methods with a dynamical downscaling method using a 

Regional Climate Model (RCM). It is interesting to note that they conclude from this 

comparison that the statistical methods were successful in reproducing the main 

features of the observed hydrometeorology in comparison to the RCM approach. 

1.2.1.3 Dynamical downscaling of GCM projections  

 Dynamical downscaling refers to the use of Regional Climate Models (RCMs) 

which are nested within the GCMs to produce high resolution outputs. The large 

scale models act as lateral boundary conditions of the RCMs. Dynamical downscaling 

has shown to simulate regional climate features such as orographic precipitation 

(e.g Frei et al., 2003), extreme climate events (e.g. Fowler et al., 2007) and regional 

climate effects such as ENSO (e.g. Leung et al., 2003). However it is important to note 

that the model skill of the RCM is strongly linked to the biases inherent in the 

driving GCM. Hence, it is important that one chooses GCM models carefully to 

provide boundary conditions for RCMs. Another consideration with dynamical 

downscaling is how well the RCMs retain large scale variability of the GCMs. It is 

shown by Rockel et al., (2008) that in order to preserve large scale variability in 

RCMs spectral nudging is necessary.  

 Other considerations while using dynamical models include variability in 

internal parameterization which may be a source of uncertainty. A big drawback of 

dynamical downscaling is that it is very computationally expensive. Due to this 

these models are typically run for time slices for e.g. 1970-2000 and for a changed 
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2070-2100. This restricts the analysis of change in other periods. Using a RCM 

increases the uncertainty inherent to a GCM with the biggest source of uncertainty 

related to structure and physics of the formulation. The North American Regional 

Climate Change Assessment Program (NARCCAP) is an international organization 

aimed at producing high resolution climate change simulations in order to 

investigate uncertainties in future climate for use in impacts research. Table 1.1 

shows the relative advantages and disadvantages of statistical and dynamical 

downscaling from Fowler et al., (2007). One is strongly encouraged to read this 

article if they want more information about the downscaling methods.  

Table 1.1 Relative merits of statistical and dynamical downscaling techniques. 
Source: Fowler et al., (2007) 
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1.3 Physics of global climate and its representation in GCMs  

 In this section only a brief description of the physics of global climate and its 

representation in climate models is presented. For a more comprehensive 

understanding of this topic one is referred to Physics of the Climate, (Peixoto and 

Oort, 1992) and A Climate Modeling Primer (McGuffie and Henderson-Sellers, 2005). 

Of particular interest to the current research is the representation of natural climate 

variability such as ENSO within the GCMs since it has been established that this 

affects climate in the Colorado River basin (Canon et al., 2007). Also of interest in the 

current thesis is the representation of the extremes in the GCMs.  

 4ÏÄÁÙȭÓ ÌÁÒÇÅ ÓÃÁÌÅ ÃÏÕÐÌÅÄ ÃÌÉÍÁÔÅ ÓÙÓÔÅÍ ÍÏÄÅÌÓ ÁÒÅ ÄÅÓÉÇÎÅÄ ÔÏ ÓÉÍÕÌÁÔÅ 

the climate of the planet taking into account the whole climate system (McGuffie and 

Henderson-Sellers, 2005). Figure 1.5 shows the various components that form the 

coupled climate system. Due to the complexity of the climate system and various 

interactions that operate at different timescales it is necessary to make some 

simplifications to the governing equations of climatic processes. The governing 

equations of climate models are those of (from Pielke, Sr., 2002): 

 1) Conservation of mass 

 ɳȢ”ὠᴆ ‬”Ⱦ‬ὸ 

7ÈÅÒÅ ʍ ÉÓ ÔÈÅ ÄÅÎÓÉÔÙ ÁÎÄ 6 ÉÓ ÔÈÅ ×ÉÎÄ Öector. 

2) Conservation of heat 
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‬—

‬ὸ
ὠᴆ Ȣɳ—  Ὓ 

Where —  is the potential temperature and  is the Eulerian derivative. Ὓ is the 

source sink term. 

3) Conservation of motion 

ὨὠᴆȾÄÔ ρȾʍ Ðɳ ÇὯᴆ ς ᴆ ὠᴆ 

Where the last term on the right is the Coriolis force, the second to last is the 

gravitational force and the first term on the right is the pressure gradient force. 

4) Conservation of water 

ὨήȾὨὸ  Ὓ  

Where q1, q2 etc. are defined as the ratio of the mass of the solid, liquid and vapor 

forms of water and the S term is the source sink term. 

5) Conservation of gases and aerosols 

Ὠ…ȾὨὸ Ὓ  

Where … refers to any chemical species expect water and S is again the source sink 

term.  

 Though the conservation equations appear very simple, to construct a 

numerical model that solves the above equations is extremely hard. The reasons 
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being: 1) non-linearity of the system of equations, 2) the equations needs to be 

discretized in space which introduces uncertainty and 3) the source sink terms in 

the equations typically use parameterizations which may not strictly be based on 1st 

principles.   

 

Figure 1.5 A schematic illust ration of the components and interactions in the 
climate system. Source:  (McGuffie and Henderson-Sellers, 2005) 
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 There are many different types of climate models, of interest to this study is 

the type that are called general circulation models. These are three dimensional in 

nature and account for atmospheric, land and ocean processes. These models 

attempt to simulate as many processes as possible and produce a three dimensional 

picture of the time evolution of the atmosphere and ocean. Typically the vertical 

resolution in these models is finer than the horizontal resolution.  

 In the present study we use five such GCMs which simulate the coupled 

ocean-atmosphere system under different GHG emission scenarios. Read more on 

the selection and data used in chapter 2. However, what is of interest is whether 

these models represent known sources of climate variability such as ENSO and 

observed climate extremes. Meehl et al., (2007) shows for the Parallel Climate 

Model (PCM) simulates the first order aspects of El Nino events and their 

teleconnections over North America. Tebaldi et al., 2006 showed that the models 

agree well with observations of temperature related extremes such as increased 

heat waves and warm nights.  Over the 21st century the GCM models showed a 

continued trend of more extremes in temperature related extremes, an 

intensification of precipitation with a greater frequency of heavy precipitation.  

1.4 Physics of land surface hydrology and its representation in catchment 

models  

 The physics of the land surface hydrology represented in the catchment 

models has advanced tremendously since the rational method published in 1851. 
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Though simpler conceptually rainfall runoff models are still in use for studying 

various hydrologic problems there is a tendency to use more sophisticated 

hydrologic models especially for impacts of climate change (e.g. Hurkmans, 2008, 

Christensen et al., 2007). Figure 1.6 shows a typical representation of the processes 

simulated by current distributed land surface models.  Similar to atmospheric 

models that use parameterizations for the source sink terms, some processes in 

hydrology are also modeled based on physical observations which gets into the 

ÊÁÒÇÏÎ ÏÆ ÈÙÄÒÏÌÏÇÙ ÁÓ ȬÐÈÙÓÉÃÓȭȢ  

 The actual physical properties that are conserved by the hydrologic model 

include conservation of mass and conservation of energy. Conservation of mass is 

more often in hydrology referred to as the water budget equation, which in its 

simplest form may be written as follows: 

ὨὛ

Ὠὸ
ὖ Ὁ Ὑ 

Where, the S term stands for all storage within the basin e.g. soil moisture, snow 

storage. The P stands for precipitation input, E is a sum total of all evapo-

transpiration and R is a sum total of quick runoff, and baseflow (subsurface runoff). 

Conservation of energy for a layer of surface material which may include water, soil, 

plant canopy or snow, can be written as follows: 

Ὑ ὃ
‬ὡ

‬ὸ
‗Ὁ Ὄ Ὃ 
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Where, Rn is the net radiative flux density at the upper layer of the surface, ὃ is the 

advected energy into the layer,  is the rate of energy storage per unit horizontal 

area, ‗Ὁis the latent heat flux, Ὄis the sensible heat flux and G is the specific energy 

flux leaving the layer at the lower boundary.  

 

Figure 1.6 A representation of typical hydrolog ic processes modeled in 
catchment hydrology models. Source:  (McGuffie and Henderson-Sellers, 2005) 

 

 The Variable Infiltration Capacity (VIC) (Liang et al., 1994) model is used in 

this study and is described in chapter two, however, it should be noted that the VIC 

models processes shown in Figure 1.6. With the advent of cheaper computing power 
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and faster processing computers there has been a shift towards increasing 

complexity in the hydrologic model of very fine resolution coupled with 

atmospheric models (e.g. Maxwell et al., 2011). One should be aware that with more 

complex models there are bound to be more assumptions/simplifications made 

which may sometime not necessarily be a welcome change.  

1.5 Objectives and scope of the study  

1.5.1 Objectives 

 In view of the problems mentioned above the three main objectives of this 

dissertation are as follows: 1) to evaluate the water budget of the Salt-Verde River 

basin, Arizona, 2) to evaluate what statistically downscaled climate model data 

merged with the hydrologic model tell us about impact to the water balance of the 

Salt-Verde River basin and 3) how can one use the information of climate change 

derived from the GCMs to improve water management decisions. Specific objectives 

of this dissertation are to: 

¶ How to select/prepare GCM model/data to evaluate climate change in a 

region? 

¶ Setup, calibrate, and evaluate a hydrologic model for the Salt-Verde River 

basin for the historical observed period (1949-2005).  
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¶ Analyze the hydro-climatology of the Salt-Verde River system and test for 

any trends in the historical observed, precipitation, temperature, streamflow, 

and snow water equivalent. 

¶ Analyze the historical GCM simulated climate of the Salt-Verde River basin to 

identify what behaviors are preserved by the GCM simulated climate and 

what behaviors one needs to be cautious while interpreting results. 

¶ Evaluate the results of merging the climate scenarios from the GCM with the 

hydrologic model. 

¶ How can one merge non stationary information from the GCM analysis to 

stationary observed climate to create a pseudo non-stationary dataset which 

water managers could use to understand and plan for climate change? 

1.5.2 Scope 

 In this dissertation, the objectives listed above are pursued using GCM 

models and hydrologic models. The hydrologic model used is the VIC model which is 

first setup and calibrated for the historic observed period. The five GCMs used in 

this study are the UK-HADCM3, NCAR-CCSM3, MPI-ECHAM5, MIROC3.2-MEDRES, 

and NCAR-PCM3. The climate scenarios which account for different GHG scenarios 

include the A1B, B1, and A2. These models both the hydrologic and GCM models 

were selected apart from the reasons presented in chapter two, due to consultation 

with the stakeholder viz. SRP and the City of Phoenix. In this study we restrict the 

analysis of climate change impact assessment to the following variables of interest, 
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1) precipitation, 2) temperature, 3) streamflow, 4) evapo-transpiration, 5) soil 

moisture and 6) snow water equivalent.  

1.6 Organization  

 This Dissertation is organized as eight chapters including the introduction. 

The remaining seven chapters are organized in the following order: 

¶ Chapter 2 presents the study region and the data used in this study. Two 

datasets are used, one for historical study of the basin and two for the future 

climate change impacts to the basin. The method of selection of the GCM 

models is also presented in chapter 2.  

¶ Chapter 3 presents the setup, calibration and evaluation of the hydrologic 

model used in this study. 

¶ Chapter 4 presents an analysis of the historic observed data for the 

watershed. Typically trend analysis is performed to identify any historic 

trends in the observations. 

¶ Chapter 5 presents an analysis of what behaviors are preserved and what 

behaviors are not preserved by the GCM simulated historical period. This 

helps guide interpretation of future results and bring out shortfalls of the 

method. 

¶ Chapter 6 presents the results from the future projections of climate change 

in the Salt-Verde River.  
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¶ Chapter 7 we look at how change in the basin can be better interpreted from 

a water management stand point. 

¶ Chapter 8 provides a summary, conclusions and future work. 
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CHAPTER 2 STUDY REGION, MODELS AND DATA USED 

2.1 Introduction  

 This chapter discusses the study region, the Variable Infiltration Capacity 

(VIC) hydrologic model, and the historical and future climate atmospheric data used 

to drive the model in this study. This chapter is composed of three sections. Section 

2.2 describes the study area, section 2.3 details the hydrologic model and the data. 

Section 2.4 describes how specific General Circulation Models (GCMs) were selected 

for this study and how the data was prepared. 

2.2 Study Region 

 The focus of this study is two watersheds in central Arizona, viz. the Salt and 

the Verde River Basin, but the broad broad study region is the semi arid 

Southwestern USA (hereafter referred to as the Southwest and consisting, in this 

study, of the four states Utah, Colorado, Arizona, and New Mexico. The region is so 

chosen since the bulk of the Colorado River basin falls within these states. Our study 

basins are part of the larger Colorado River basin as shown in Figure 2.1. 

 Arizona receives more than 2 Million Acre-feet of water from the Colorado 

River each year. Numerous studies have been conducted on the upper Colorado 

River basin to assess the potential impacts of climate change (e.g. Nash and Gleick, 

1991, Christenssen et al., 2004, 2007, McCabe and Wolock, 2008, Rajagopalan et al., 

2009). However the lower basin is relatively less well studied, mainly because most 
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of the smaller rivers in the lower basin were dammed during the 20th century and 

so typically do not contribute much surface water flow to the Colorado River basin 

(except in very wet years).  

 

Figure 2.1 Study region showing the Southwest US along with the st udy area 
which is located in central Arizona  

 

 Another reason for the larger focal region is enable use of General Circulation 

Model (GCM) outputs to characterize climate changes in the region. To have 
















































































































































































































































































