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ABSTRACT 

California experienced one of its worst droughts in recorded history from 2013-2015, 

resulting in the first statewide mandatory water restriction. The stated restrictions specifically 

targeted urban water use, with a major focus on outdoor irrigation. With over 80% of the U.S. 

population living in urban centers, many of which are water-scarce cities, it is becoming 

increasingly important to understand the numerous impacts of urbanization and water 

management policies on local hydrologic fluxes. Two of the most common land cover types 

associated with urban regions are impervious surfaces and irrigated landscapes, however, they 

have opposite impacts on hydrologic fluxes. In most studies, the impact of urbanization is 

primarily characterized by impervious surfaces; however, in semi-arid regions, high rates of 

irrigation puts stress on water supplies by increasing demands and leading to major alterations 

to local hydrologic behavior. The objective of this dissertation is to improve understanding of 

how and to what degree urban land surfaces, water consumption practices, and conservation 

policies impact hydrologic fluxes in a semi-arid city, using Los Angeles, California as a case 

study. This was analyzed through three studies, each examining alterations to a component of 

the local water budget. The first study evaluated the response of streamflow to outdoor irrigation 

practices and water conservation policies by comparing pre- vs during-water conservation 

streamflow data. The second study applied a Bayesian Hierarchical Model to fill missing 

groundwater level data allowing for examination of land cover and water management impacts 

on recharge rates. The third study utilized empirical equations derived from in-situ 

measurements to analyze the effect of land cover composition and vegetation type on 

evapotranspiration rates. Overall, results indicate that irrigated landscapes play a large role in 

altering all evaluated hydrologic fluxes, often having a greater impact than impervious surfaces, 

making irrigation a crucial component to consider when studying urban regions.  
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CHAPTER 1  

INTRODUCTION 

 

California experienced one of its worst droughts in recorded history in 2013 and 2014 

(Swain et al., 2014) with dry conditions persisting into 2015. The severity of the drought led the 

Governor to implement the first statewide mandatory water restrictions, calling for a 25% 

reduction in potable urban water use in May 2015 (CA Executive Order B-29-15, 2015). 

Targeting urban areas for water reduction highlights the significant impact that ongoing drought 

has on semi-arid cities, especially those that are highly dependent on remote, imported water 

sources. With just over 80% of the U.S. population living in urban centers (Central Intelligence, 

2014), many of those in water scarce cities, it is becoming increasingly important to study these 

regions due to the significant impact urbanization has on energy and water processes. Los 

Angeles was selected as a case study due to the fact that it is one of the most urbanized and 

densely populated cities in the United States. The highly altered, non-native landscape and 

heavy reliance on imported water have had significant effects on regional hydrologic processes. 

Due to the recent severe drought experienced in California and decreased water allocations, it is 

becoming increasingly important to understand the role of imported water, land cover type, and 

policy initiatives, such as conservation efforts, on local water supply and hydrologic processes. 

Numerous studies have evaluated the impact of urbanization on hydrologic processes. 

Some of the most notable and early recognized changes that occur due to urbanization include 

increases in impervious surfaces (roads, buildings, sidewalks, etc.) (Ackerman and Stein, 2008; 

Alley and Veenhuis, 1983; Grimmond et al., 1986; Han and Burian, 2009; LaFontaine et al., 

2015; Leopold, 1968; Schiff and Benoit, 2007; Shuster et al., 2005), corresponding heat island 

impacts (Arnfield, 2003; Oke, 1973; Rizwan et al., 2008), alterations to the spatial distribution 

and type of vegetation (e.g. non-native turf grass) (Alig et al., 2004; Bijoor et al., 2014; Milesi et 

al., 2005; Pataki, McCarthy, et al., 2011a; Pickett et al., 2011; Robbins and Birkenholtz, 2003; 

Small, 2001), construction of storm drainage networks (Graf, 1977; Hsu et al., 2000; 

Meierdiercks et al., 2010a), channelization of streams (Mitchell et al., 2001, 2003), leaky pipes 

(Bhaskar and Welty, 2012), and construction of infrastructure allowing imported water to be 

transported to urban centers (Mitchell et al., 2001, 2003; White and Greer, 2006). Studies 

generally agree that increased imperviousness caused by urbanization leads to increased runoff 

(Cuo et al., 2009; Meierdiercks et al., 2010b), decreased lag time between precipitation and 

runoff (Guan et al., 2016; Sauer et al., 1983), increased peak flow magnitudes (Costa et al., 

2003; Galster et al., 2006; Leopold, 1968; Sheng and Wilson, 2009), and decreased recharge of 
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ground water tables (Harbor, 1994; Rose and Peters, 2001). However, most of the hydrologic 

research in urban systems have focused on the impact of increasing impervious surfaces on 

storm water runoff and quality as well as flood control (Bost et al., 1980; Fang and Su, 2006; 

Guan et al., 2016; Kibler et al., 1981; Levy et al., 2007; Narayana et al., 1971; Olivera and 

DeFee, 2007; Yao et al., 2016). While impervious surfaces do contribute to extensive changes 

(Brabec et al., 2002; Shuster et al., 2005), in semi-arid water-limited systems, the transport and 

use of imported water can also severely impact hydrologic fluxes. 

In some models, imported water use has been found to be equal to or greater than 

precipitation, especially during the summer months in arid regions (Grimmond et al., 1986; Järvi 

et al., 2011; Mini et al., 2014a; Mitchell et al., 2003). The primary pathway imported water enters 

local water cycling is via outdoor use and irrigation practices. Accurate representation and 

inclusion of outdoor irrigation in high resolution models has been shown to improve ET, land 

surface temperatures, and runoff (Jankowfsky et al., 2014; Vahmani and Hogue, 2013, 2014a). 

Irrigation can increase urban ET rates by increasing the supply of soil moisture available (Yang 

and Wang, 2015), especially in arid environments, and contributes to runoff and recharge when 

application rates exceed ET (Bijoor et al., 2014). Thus, the two most common land cover types 

associated with semi-arid urban regions, impervious surfaces and irrigated landscapes, have 

opposite impacts on hydrologic fluxes, where irrigated landscape increase and impervious 

surfaces decrease ET, recharge and non-even streamflow. This may explain why studies 

evaluating the alterations in these fluxes in urbanized areas have been variable. For instance, 

Grimmond and Oke (1986) were one of the first to suggest that evapotranspiration increases in 

urban areas due to irrigation. Mitchell (2003) found similar results; however, other studies have 

reported a decrease (Haase, 2009; Lʹvovich and Chernogaeva, 1977), or no change 

(Stephenson, 1994). Similar results have also been found for groundwater recharge and non-

storm event flows. These contrasting results highlight the need for additional research on the 

relation between land cover type and urban hydrologic fluxes.  

The primary goal of this dissertation is to improve understanding of how and to what 

degree urban land surfaces, water consumption and conservation policies impact hydrology in 

semi-arid urban regions, with a focus on streamflow, groundwater and evapotranspiration fluxes. 

The next three chapters of the dissertation will evaluate alterations to an individual hydrologic 

flux, where the following science questions will be addressed: (1) Does irrigated land cover play 

a role in altering streamflow? How do irrigation practices alter streamflow dynamics? Can the 

influence of water conservation measures be observed in streamflow records? (2) Can 

imputation of missing groundwater data improve analysis of spatial groundwater fluxes? To what 

degree does land cover type alter spatial and temporal patterns of groundwater recharge? (3) 
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How does the coupled increase in impervious surface and high irrigation rates in urban areas 

alter evapotranspiration (ET) rates? Which land cover type has a larger impact on ET rates, 

impervious surface or irrigated landscape? What is the relation between land cover composition 

(%impervious, %irrigated) and increasing/decreasing ET? 
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CHAPTER 2  

 

URBAN STREAMFLOW RESPONSE TO IMPORTED WATER AND WATER CONSERVATION 

POLICIES IN LOS ANGELES, CALIFORNIA 

 

Modified from a paper published in Journal of American Water Resources Association1 

Kimberly F. Manago2 and Terri S. Hogue2* 

Abstract 

Los Angeles has a long history of importing water; however, drought, climate change, 

and environmental mitigation have forced the City to focus on developing more local water 

sources (target of 50% local supply by 2035). The current study aims to improve understanding 

of water cycling in Los Angeles, including the impacts of imported water and water conservation 

policies. We evaluate the influence of local water restrictions on discharge records for 12 years 

in the Ballona Creek (urban) and Topanga Creek (natural) watersheds.  Results show that 

imported water has significantly altered the timing and volume of streamflow in the urban 

Ballona watershed, resulting in runoff ratios above one (more streamflow than precipitation). 

Further analysis comparing pre- vs. during-mandatory water conservation periods shows that 

there is a significant decrease in dry season streamflow during-conservation in Ballona, 

indicating that prior to conservation efforts, heavy irrigation and other outdoor water use 

practices were contributing to streamflow. The difference between summer streamflow pre- vs. 

during-conservation is enough to serve 160,000 customers in Los Angeles. If Los Angeles 

returns to more watering days, educating the public on proper irrigation rates is critical for 

ensuring efficient irrigation and conserving water; however, if water restrictions remain in place, 

the City must take the new flow volumes into account for complying with water quality standards 

in the region.  

2.1 Introduction 

Water has long been recognized as a key to California’s wealth and economic well-

being, leading historical analysts and planners to recommend investments in the state’s water 

infrastructure at almost any cost (Draper et al., 2003). The large reliance on distant water 

sources and recent extreme drought conditions, highlight the need for studies on water 

                                                   
1 Reprinted with permission from Journal of American Water Resources Association (2017) and all co-
authors.  
2 Department of Civil & Environmental Engineering, Colorado School of Mines  
* Corresponding author. Direct correspondence to thogue@mines.edu 
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management, and water sustainability (Treuer et al., 2017). California has one of the most 

extensive water supply systems in the nation, comprised of a network of hundreds of 

groundwater basins, thousands of dams, and thousands of miles of canals, aqueducts, and 

levees (Hanak et al., 2011); allowing large quantities of water to travel hundreds of miles. Thus, 

the role of imported water - water that comes from remote sources and is brought into urban 

centers – in regional water cycling and local supply is of particular interest. Imported water 

allocations are under increased scrutiny in many parts of the western U.S. and are expected to 

be less reliable in the future, given many of these supplies are snow-driven and heavily 

influenced by climate change (LADWP, 2010). Recognizing this, the City of Los Angeles has 

outlined a plan for decreasing their reliance on imported water sources and increasing their 

reliance on local water sources such as storm water capture and ground water (Villaraigosa and 

LADWP, 2008). However, in doing so, it is important for the city to understand how these 

imported sources have altered hydrologic processes.  

One of the primary pathways that imported water enters urban hydrologic cycles is 

through irrigation  or outdoor landscape water use (Berg et al., 1996; Chen et al., 2015; Mini et 

al., 2014a; b; Ouyang et al., 2014; Runfola et al., 2013; Wentz and Gober, 2007). In semi-arid 

regions such as Southern California, non-native vegetation species including turf grass and non-

native trees require intense irrigation to sustain greenness in such a dry climate (Bijoor et al., 

2014; Litvak et al., 2013; Milesi et al., 2005; Pataki, McCarthy, et al., 2011a). A study conducted 

by Mini et al. (2014b), found that outdoor water use accounts for approximately 54% of total 

residential water use in Los Angeles, CA.  Statewide, outdoor water use is said to account for 

30%-45% of residential water use (Gleick et al., 2003). However, DeOreo et al. (2011), found 

that Southern California’s outdoor water use was 272% of Northern California’s. Thus, outdoor 

water use in Southern California accounts for approximately 65% of total residential water use 

(DeOreo et al., 2011) – comparable to Phoenix, AZ estimates of 74% (Mayer et al., 1999).  Even 

with a large portion of residential water going toward outdoor uses, limited studies have included 

irrigation in modeling urban processes. The few studies that have included an irrigation 

component found that the addition of outdoor water use significantly improves simulations of 

land surface temperature, evapotranspiration, and runoff in semi-arid cities (Vahmani and 

Hogue, 2014b; a).  

Understanding the large water demands of irrigation practices, the state has targeted 

outdoor water reduction in response to the severe drought (CA Executive Order B-36-15, 2015). 

While originally thought to be temporary measures, the state has recently introduced draft 

changes to make them permanent, indicating a transition toward a new, more sustainable norm 

(CA Executive Order B-37-16, 2016). However, regulation of these measures have proved to be 
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difficult and costly. In addition to implementing outdoor water use restrictions, some cities have 

changed their water pricing structure to reduce irrigation (Mini et al., 2015). While evaluation of 

consumption records can be used to evaluate changes in overall water consumption in response 

to these measures, it is difficult to evaluate whether the change occurred indoors or outdoors 

unless dual metering has been implemented. Thus, utilization of water meter data alone may not 

be the most effective tool for regulation and evaluation of the effectiveness of conservation and 

pricing changes (Hogue and Pincetl, 2015). 

The primary objective of the current study is to better understand the impacts of imported 

water and conservation policies on urban water cycles in semi-arid regions. The questions 

driving this research are: How does imported water alter streamflow dynamics in highly 

urbanized, semi-arid systems?  Are water conservation measures observable in the streamflow 

record? How much are seasonal and annual discharge reduced during various levels of 

conservation? Can we use urban streamflow records to monitor efficacy of conservation?  

2.2 Study Area 

This study focuses on evaluation of streamflow dynamics in two watersheds located in 

Los Angeles County, CA: Ballona Creek and Topanga Creek (Figure 2.1). Ballona Creek, 

located mostly within the City of Los Angeles, was selected due to its high level of urbanization 

and lack of major infrastructure within the basin (dams, water reclamation plant discharges, 

etc.), while Topanga Creek was selected as a control basin due to its lower degree of 

urbanization, making it one of the more undeveloped watersheds in the Los Angeles area 

(characteristics summarized in Table 2.1).  

 

Table 2.1 Summary of Ballona Creek and Topanga Creek watershed characteristics 

 Ballona Creek Topanga Creek 
Area (km2) 230 47 
Elev (m) 66 485 
Precip (mm) 406 535 
% Developed 91% 15% 
% Impervious 54% 1% 
Water Source Imported, GW, recycled, SW Imported, GW, recycled 

 

Ballona Creek was channelized for flood protection purposes from 1935 to 1939, with its 

tributaries being channelized in the 1950s, while Topanga Creek has not been channelized. The 

two basins are in close proximity to each other, experiencing similar climates. The Los Angeles 

region has a semi-arid, Mediterranean climate, experiencing most of its annual rainfall during 

the winter months, with almost no precipitation during the summer period. Mountainous terrain 
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causes variable temperature and precipitation in each of the watersheds, where Topanga Creek 

experiences more precipitation and lower temperatures than Ballona Creek due to the 

orographic features of the surrounding Santa Monica Mountains. 

 

Figure 2.1 Study area displaying runoff gage location and developed (Dev) land cover type for 
Ballona Creek (urban watershed) and Topanga Creek (natural watershed), both located in Los 

Angeles, County, California. 

 

The Ballona Creek watershed has a population of approximately 1.2 million, while the 

Topanga Creek watershed has a population of approximately 12,000. LADWP provides water 

service to 88% of Ballona Creek, while Topanga Creek is exclusively served by Los Angeles 

County Water Works District #29. While served by different water utilities, both watersheds are  

located in the County of Los Angeles and purchase water from the Metropolitan Water District 

(MWD), a water wholesaler supplying 26 member agencies. Los Angeles has a long history, 

dating to the early 1900s, of importing water sources from a variety of distant sources including 

the Sierra Nevada mountain range via the Los Angeles Aqueduct and the State Water Project, 
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and the Colorado River via the Colorado River Aqueduct (LADWP, 2010). The State Water 

Project and Colorado River Aqueduct water are controlled by the MWD.  The Los Angeles 

Department of Water and Power (LADWP), provides water to the entire city of Los Angeles. On 

average (Fiscal Year 2010-2014), LADWP’s water supply is composed of 34% Los Angeles 

Aqueduct water, 53% purchased from MWD (45% SWP, 8% Colorado River), 12% ground 

water, and 1% recycled water (LADWP, 2015). Thus, nearly 90% of LADWP’s water supply 

comes from imported sources. However, due to the ongoing drought causing low snowpack in 

the Sierra Nevada mountains, environmental mitigation efforts, and changes to the Colorado 

River compact, Los Angeles has had to rely less on imported water sources in recent years 

(LADWP, 2010).  

LADWP began implementing voluntary water conservation measures in June 2007, 

followed by mandatory restrictions in August 2008, and mandatory restrictions and a pricing 

increase in June 2009. Mandatory restrictions have remained in effect since this time (Table 

2.2). Mandatory water restrictions primarily focused on reducing outdoor water use, as targeting 

of indoor fixtures was conducted in the early 1990s. On average, outdoor water use accounts for 

approximately 54% of total single family residential water use (Mini et al., 2014a). A study by 

Mini et al. (2015), found that voluntary restrictions did not have a major impact on water use but 

mandatory restrictions with the additional pricing increase resulted in more significant water 

savings (~23% city wide).  

 

Table 2.2 Summary of LADWP water conservation efforts and estimated outdoor water use 
rates. 

Fiscal Year Outdoor Water Use Rate 
(mm/year) 

(Mini et. al., 2014) 

Conservation 

2001-2007 439 None (2001-2006) 

Voluntary (2007) 

2008 412 Mandatory 

2009-2014 285 Mandatory + Pricing 

 

2.3 Data 

2.3.1 Precipitation 

Monthly data from the Parameter-elevation Regression on Independent Slopes Model (PRISM) 

was used to estimate precipitation in each of the watersheds. PRISM is a spatial climate dataset 

covering the conterminous United States at 30 arcsecond spatial resolution and daily, monthly, 



9 

 

and annual temporal resolution (PRISM Climate Group, Oregon State University, 

http://prism.oregonstate.edu, created August 10, 2013). PRISM utilizes a climate-elevation 

regression where nearly 13,000 precipitation stations are weighted to account for location, 

elevation, coastal proximity, topographic facet orientation, vertical atmospheric layer, 

topographic position, and orographic effectiveness of terrain to create gridded spatial maps of 

precipitation (Daly et al., 2008). An areal weighted average of the gridded precipitation data was 

calculated for each month and aggregated annually based on the percent of the pixel contained 

within the watershed. A total of 24 and 8 PRISM pixels were used for Ballona Creek and 

Topanga Creek, respectively. 

2.3.2 Streamflow 

Streamflow for each basin was estimated using discharge data from the stream gage 

closest to the outlet of the watershed. Daily discharge data was requested from the County of 

Los Angeles Department of Public Works for the entire period of record. The gages used were 

approximately 4 km from the outlet of Ballona Creek and 3 km from the outlet of Topanga Creek, 

respectively. To account for this, the watershed boundary was re-delineated based on the gage 

location and a one-third arcsecond digital elevation map (DEM) obtained from the USGS 

National Elevation dataset (U.S. Geological Survey, The National Map, 2015, 3DEP products 

and services: The National Map, 3D Elevation Program Web page, accessed February 6, 2015 

at http://nationalmap.gov/3dep_prodserv.html).  

To fill missing streamflow data, two methods were used. Missing data for less than two 

consecutive days, with no precipitation events, were filled by linear interpolation. Years with 

greater than three consecutive months of missing data were removed from the dataset and not 

used in the analysis. For Ballona Creek, 1939-1942 were removed and for Topanga Creek, 

1919-1943 and 1990-1996 were removed.  

2.4 Methods 

2.4.1 Runoff Ratio 

Runoff ratios were used to evaluate streamflow trends for the entire period of record for 

each gage (WY 1932-2014). Runoff ratios were selected to better understand the partitioning of 

water fluxes and to account for differences in precipitation between the two watersheds. The 

runoff ratio is calculated on an annual time step using the following equation: 

 � �  = �� (Eq. 2.1) 

where RO is the annual runoff ratio (unitless) for a given year y, Q is annual runoff depth (mm), 

and P is annual precipitation (mm).  ).  The trend-free pre-whitening procedure is applied to 
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control for autocorrelation without removing a portion of the trend (Yue et al., 2002), and the 

Mann-Kendall test is subsequently used to test for significance.   

2.4.2 Low Flow 

Annual low flow trends were evaluated utilizing the annual minimum 7-day average. Low 

flow analysis is critical for evaluating dry season and non-event flow regimes. 

2.4.3 Outdoor Water Conservation 

Six-years pre-conservation and six-years during-conservation were used for each study 

period, where the pre-conservation period is defined as WY 2002-2008, and during-conservation 

period is defined as WY 2009-2014. WY 2005 was removed from the pre-conservation study 

period due to the abnormally high precipitation caused by El Nino. Pre- vs during-conservation 

comparison was analyzed at four time steps: yearly, monthly, daily, and hourly.  

2.4.3.1 Annual, seasonal, and monthly  

Annual, seasonal, and monthly streamflow analysis for pre- vs. during-conservation were 

compared using an independent 2-sample t-test. During mandatory conservation, outdoor 

watering with sprinklers was restricted (Figure 2.2).  In 2009, outdoor watering was only allowed 

two days a week: Monday and Thursday. Watering was increased to three days a week in 2010; 

where allowable days were determined by the last number of a customer’s street address. Odd 

numbers were permitted to water on Monday, Wednesday, and Friday while even numbers were 

allowed to water on Tuesday, Thursday, and Sunday. These measures led to a large decrease 

in outdoor irrigation, estimated as approximately 154 mm/year (Table 2.2). 

2.4.3.2 Daily 

Temporal changes in peak streamflow were evaluated at the daily time step for the 

summer periods (when irrigation is highest). For a given week, the peak streamflow and 

corresponding day of week were found and the total number of peak occurrences for each day 

of the week were tabulated. To remove the effect of precipitation events on peak timing, weeks 

when a precipitation event occurred were removed from the analysis. Peak counts for each day 

of the week were converted to a percentage to allow for easier comparison between the pre- 

and during-conservation periods. 

2.4.3.3 Hourly 

In addition to restrictions placed on watering days, LADWP also restricted watering 

between 9:00 am and 4:00 pm. Median streamflow was estimated for each hour for the pre- and 

during-conservation periods. To allow for comparison of diurnal pattern during the two study 

periods, daily flows were normalized by subtracting the minimum flow for the study period (pre- 
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or during-conservation), then dividing by the mean flow so that the values varied between zero 

and one.  

 

Figure 2.2 Summary of watering days for pre-conservation and during-conservation years. 
Irrigation indicates that irrigation was allowed for all residential users, even/odd indicates that 
watering is only permitted for half of the residential users depending on having even or odd 

street addresses, and no irrigation indicates that no residential users are allowed to water on 
that day (Water Conservation Plan of the City of Los Angeles). 

2.5 Results and Discussion 

2.5.1 Runoff Ratio 

Ballona Creek is heavily developed, with approximately 54% of the basin composed of 

impervious surfaces. Previous studies have observed increases in runoff due to an increase 

impervious surface area (Guan et al., 2016; Meierdiercks et al., 2010a; Shuster et al., 2005). 

Similar results are observed in Ballona Creek, where statistically significant (p-value < 0.05) 

increases in runoff ratios are noted over the 83-year study period (Figure 2.3). The estimated 

slope of the trend line is 0.006/year, where runoff ratios increased from a low of 0.16 in 1937 to 

a high of 1.60 in 2007, an increase of 1.44 in 70 years. Comparing five-year averages, the 

average runoff ratio increased from 0.26 (1932-1936) to 1.06 (2004-2008), a total increase of 

0.80 in 70 years. While increased impervious surface likely contribute to the increase in runoff 

during the early years of the study period, in more recent years (2002, 2007, and 2008), Ballona 

Creek’s runoff ratio exceeds the theoretical limit of one, indicating that there is more runoff 
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leaving the system than precipitation as input. For natural watersheds, exceedance of the 

theoretical limit should not occur, but in urban watersheds, imported water is an additional 

source of water to the basin, allowing runoff ratios to exceed the theoretical limit. Closer 

inspection of the runoff ratios also displays a sudden drop in runoff ratios in 2009. This drop 

coincides with the mandatory restrictions imposed in FY2008-2009 by LADWP and is discussed 

further in the Outdoor Water Conservation section. 

 

Figure 2.3 Annual runoff ratio [-] (where runoff ratios exceeding theoretical limit are highlighted 
in red) and precipitation [mm] for stream gage period of record (1932-2014) in Ballona Creek 

(left) and Topanga Creek (right). A linear regression was fit to annual runoff ratios and a 
regression slope test was applied showing that the increases in runoff ratio were significant in 

Ballona Creek but not Topanga Creek. 

 

In contrast, Topanga Creek has approximately 1% impervious surfaces in the basin. 

Results from the trend analysis indicate that there is no statistically significant increasing or 

decreasing runoff ratio trend (p-value = 0.15) over the 83-year study period. The lack of a 

significant trend in Topanga Creek indicates that the increase observed in Ballona Creek is likely 

not due to changes in the climate signal over the study period. The slope of the trend line is 

0.0007/year, nearly an order of magnitude smaller than Ballona Creek. Runoff ratios increased  

from a five-year mean of 0.14 (1932-1936) to 0.32 (2004-2008). However, 2005 was an El Nino 

year resulting in an extremely high runoff ratio (0.72); removing this from the 5-year mean 

results in an average runoff ratio of 0.22 in the mid-2000s. Thus, runoff ratios only increased by 
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0.08 over the 70-year period, an order of magnitude smaller than the 0.8 increase observed in 

Ballona Creek.  However, this increase could also be due to a slight increase in urbanization. 

From the 1980s to 2000s the population in Topanga Creek doubled from 6,000 residents to 

12,000 residents, with most of the development being concentrated in the hills and ridges of the 

watershed (Dagit, 2002). 

A comparison of annual runoff ratios in Ballona Creek and Topanga Creek (Figure 2.4) 

reveals no relation between runoff ratios in the two watersheds. Examination of the precipitation 

gradient (color bar) indicates that high runoff ratios in Topanga Creek occur during wet years 

while high runoff ratios in Ballona Creek generally occur during dry years. Topanga Creek, with 

very little impervious surface coverage, allows more infiltration making it more sensitive to 

antecedent moisture conditions. During wet years, there are typically more frequent and/or 

larger storms leading to saturated antecedent moisture conditions and consequently, higher 

runoff ratios in the basin. However, in Ballona Creek, where a large portion of the watershed is 

covered with impervious surfaces, runoff is insensitive to antecedent conditions. Instead, 

impervious surfaces allow precipitation to contribute almost exclusively to runoff regardless of 

antecedent conditions (wet or dry). The influence of antecedent moisture conditions also 

impacts the variability in runoff ratios. Topanga Creek has more variable runoff ratios than 

Ballona Creek, with a coefficient of variation of 0.08 and 0.16 for Ballona Creek and Topanga 

Creek, respectively. The impact of antecedent moisture conditions is particularly evident during 

the wet El Nino year of 2005, where Topanga Creek’s runoff ratio is 0.72 exceeding Ballona 

Creek’s runoff ratio of 0.69. During the wet year, 2005, Topanga Creek’s runoff ratio drastically 

increased while Ballona Creek’s runoff ratio remained approximately the same.  

2.5.2 Low Flow 

While runoff ratios provide information on annual response to storm runoff, examining 

low flow provides information on changes to non-event or dry-weather flow when residents are 

more likely to irrigate. Previous studies examining the impact of urbanization on low flow have 

shown conflicting results. Most studies have found a decrease in low flow due to reduced 

ground water contributions and attribute this to recharge reduction from increased impervious 

surface area, ground water pumping, and sewer and storm drainage inflow (Brun and Band, 

2000; Cuo et al., 2009; Klein, 1979; Rose and Peters, 2001; Simmons and Reynolds, 1982). 

However, others have found increases in low flow, attributing the increase to leaky pipes, 

wastewater treatment plant discharges, and outdoor water use activities (Brandes et al., 2006; 

Meyer, 2002).  
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Figure 2.4 Comparison of annual runoff ratios [-] in Ballona Creek (urban) and Topanga Creek 
(natural), color coded by mean annual precipitation [mm] of the two watersheds for the period of 

record (1932-2014). 

 

 

Figure 2.5 Annual low flow [mm] and precipitation [mm] for Ballona Creek and Topanga Creek 
over stream gage period of record (1932-2014), where low flows were estimated as the annual 

7-day cumulative minimum flow. 
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In Ballona Creek, we hypothesize the latter case, where a statistically significant 

increasing trend in low flow values is observed (Figure 2.5).  In Los Angeles, the lowest flows 

typically occur during the dry summer months (June, July, August) when little precipitation 

occurs. Low flow values in Ballona Creek range from 0 mm to 0.18 mm over the entire study 

period. From the beginning of the study period to 1939, low flow was 0 mm. However, after 

1940, low flow values remain above 0 mm and continue to increase until 2009.  It is clear that 

urbanization has had a major impact on low flows in Ballona Creek (Figure 2.5). Ballona Creek 

channels are mostly concrete lined, with little connection to ground water and there are no 

wastewater treatment plant discharge locations within the watershed, making it unlikely that 

leaky pipes and wastewater treatment plant discharges are contributing to the increase in runoff 

ratio. Instead, it is more likely that human activities and imported water are contributing to the 

observed pattern.  

Similar to the runoff ratio analysis, an extreme drop in low flow is observed around 2009. 

From 2005 to 2007, low flow values peak at approximately 0.18 mm, gradually dropping in 2008 

until it reaches a low of 0.04 mm in 2009, resulting in an overall decrease of 0.14 mm over the 

period. The dry season values remain low after 2009, with a mean value of 0.05 mm which is 

equivalent to the values observed in the mid- to late-1940s. Since very little development or 

changes to the physical composition of the basin occurred between 2007 and 2009, it is highly 

unlikely that alterations to the land surface are the cause of this decrease, but rather this drop 

coincides with conservation policies (i.e. the mandatory water restrictions and water price 

increase). 

A statistically significant increase in low flow is also observed in Topanga Creek (Figure 

2.5), which is likely due to a slight increase in urbanization that occurred between the 1980s and 

2000s. Additionally, a large increase in low flow occurs in 1997. Prior to 1997, the maximum low 

flow value was 0.010 mm. In 1997, this more than doubles, with a low flow value of 0.026 mm. 

After 1997, the values remain high, except for 2010, 2013, and 2014, where near zero values 

are observed again. Due to the runoff gage being destroyed by flooding, there is no flow data 

between 1990 and 1996, making it difficult to analyze the exact cause of this increase. One 

possible explanation for the increase is the Old Topanga Fire, which occurred in November 

1993, burning 14.26 km2 (28%) of the western portion of the watershed. While most post-fire 

studies have focused on increased flooding and storm runoff, a study conducted by Kinoshita 

and Hogue (2015) investigating the impacts of fire on streamflow in Southern California, found 

that low flow values can stay elevated for several years after fire, providing a possible 

explanation for the increase observed in Topanga Creek.  



16 

 

To investigate the relation between low flow and runoff ratios, these two variables were 

compared (Figure 2.6). Ballona Creek had an R2 value of 0.44 and visual inspection of the 

scatterplot displays a linear relation between the two variables. However, there is not a linear 

relation for Topanga Creek, which had an R2 value of 0.14. The relation between low flow and 

runoff ratios in Ballona Creek strengthens the previous argument that the increasing trend in 

runoff ratios is not solely caused by increased impervious surface. Further, it shows the strong 

influence of low flow on annual runoff totals.  

 

Figure 2.6 Runoff ratio vs low flow for stream gage period of record (1932-2014) in Ballona 
Creek (left) and Topanga Creek (right). R2 values for Ballona Creek and Topanga Creek are 

0.44 and 0.14, respectively. 

 

2.5.3 Outdoor Water Conservation  

In Ballona Creek, large decreases in both the runoff ratio and low flow coincide with the 

implementation of mandatory water conservation measures. To further investigate this relation, 

analysis was conducted at the annual, seasonal/monthly, daily, and hourly time scales for pre- 

vs. during-conservation period. Annual comparison of pre- versus during-conservation 

streamflow did not show statistically significant changes in either watershed for annual flows 

(Figure 2.6). Annual streamflow in Ballona Creek and Topanga Creek decreased by 95 mm and 

44 mm, respectively. While not statistically significant, the decrease observed pre- vs during-

conservation was substantial, accounting for 36% and 56% of total runoff in Ballona Creek and 

Topanga Creek, respectively. It is highly unlikely that the decrease observed in Ballona Creek is 
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a result of changes to precipitation as annual precipitation values in Ballona Creek actually 

increased by 29 mm from the pre-conservation to the during-conservation period.   

Monthly flows were also compared pre- vs during-conservation (Figure 2.7). Based on 

the monthly comparison in Ballona Creek, decreases in runoff are only significant from May to 

September – the dry season months. In contrast, in Topanga Creek, there appears to be a 

decrease in flow across all months; however, none of the decreases are significant. The 

decrease in Topanga Creek is most likely attributed to the slightly drier years experienced during 

the conservation period. As mentioned previously, runoff in Topanga Creek responds to 

antecedent moisture conditions; during dry years, with fewer storms, soil conditions allow for 

more infiltration resulting in less runoff. 

 

Figure 2.7 Monthly streamflow [mm] for pre-conservation (WY 2002-WY 2008, WY 2005 
removed) and during-conservation (WY 2009-WY 2014) periods.   

 

To further investigate seasonal changes, pre- vs during-conservation comparison was 

also undertaken for the summer (June, July, August) and winter months (December, January, 

February). The seasonal analysis (Table 2.3) also shows that decreases in Topanga Creek’s 

annual runoff are primarily caused by large decreases during the winter months, strengthening 

the argument that antecedent moisture conditions and lower precipitation, not water restrictions 

are the cause of lower runoff values. In fact, during the winter season, Topanga Creek 

experienced a larger decrease in runoff than Ballona Creek, with a decrease of 30 mm in 

Topanga Creek compared to a decrease of 18 mm observed in Ballona Creek.  

In Ballona Creek, the decrease in runoff is only significant for the summer season, not 

the winter season (Figure 2.8). The decrease in runoff during the summer season (20.6 mm 
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decrease), exceeds the decrease during the winter season (18.2 mm decrease). Thus, it 

appears that summer dry season flow in the heavily urbanized Ballona Creek is most heavily 

impacted by water restrictions. This is expected as the highest irrigation rates occur during the 

summer months when water restrictions will have the largest impact.  

 

Table 2.3 Annual and seasonal (summer and winter) streamflow and precipitation comparison 
pre-conservation vs during-conservation 

 
 

Annual Summer Winter 

Var Watershed Pre Dur p-val Pre Dur p-val Pre Dur p-val 

Q 

(mm) 

Ballona Creek 264 169 0.112 30 9.2 0.000 116 98 0.218 

Topanga Creek 78 34 0.186 4.1 2.4 0.282 48 18 0.608 

P 
(mm) 

Ballona Creek 273 302 0.731 2.7 1.6 0.301 56 62 0.802 

Topanga Creek 376 371 0.966 4.2 1.5 0.491 83 76 0.834 

 

 

 

Figure 2.8 Boxplots of summer streamflow (June, July, August) pre-conservation vs. during-
conservation, where solid lines in box represent mean, circles in box represent median, and + 

indicate outliers. 
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In Ballona Creek, the daily comparison of pre vs during-conservation shows a shift in 

peak streamflow frequency (Figure 2.9). During pre-conservation, the highest water days 

occurred on the weekend (Friday, Saturday, and Sunday), while during-conservation, peak 

water days shifted to Wednesday, Thursday, and Sunday. Sunday was the only day that 

experience very little to no change. Friday and Saturday decreased by 9.5% and 8.0%, 

respectively; while the largest increases occurred on Wednesday and Thursday which increased 

by 11.2% and 9.7%, respectively. The large decrease observed on Saturday corresponds to the 

watering day restrictions (Figure 2.9), where Saturday was the only day of the week during the 

entire conservation period when outdoor water use was consistently restricted. The increase 

observed on Thursday also corresponds to watering day restrictions, where Thursday was the 

only day of the week during the conservation period when outdoor water use was consistently 

allowed. In addition to a shift in the peak day of runoff, during-conservation the peak frequency 

became less variable, where variance pre- and during-conservation is 0.0043 and 0.0012, 

respectively.  

 

Figure 2.9 Pre-conservation vs during-conservation peak day of week frequency for summer 
months (June, July, August) in Ballona Creek (left) and Topanga Creek (right). Weeks where a 

precipitation event occurred were removed from analysis. 

 

Changes to weekly peaks were not observed in Topanga Creek (Figure 2.9). Instead, 

peak frequencies remained the same and follow the same pattern pre- and during-conservation 

periods. The largest change occurred on Saturday, which increased by 1.2%. In addition, the 
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weekly frequency patterns in Topanga Creek differ greatly from Ballona Creek for both pre- and 

during-conservation periods. The frequency of weekly peaks is nearly uniform in Topanga 

Creek, except for the large increase observed on Sunday, while Ballona Creek experiences a 

sinusoidal pattern throughout the week.  

Ballona Creek also displays a distinct diurnal pattern throughout the day (Figure 2.10), 

indicating that human activities are controlling streamflow patterns. When comparing pre- vs 

during-conservation periods, there appears to be a shift in hourly patterns throughout the day, 

where the peak hour occurs approximately 3 hours earlier during-conservation compared to pre-

conservation. This shift coincides with conservation efforts where watering is restricted during 

the middle of the day (cannot water between 9 am and 4 pm). While the timing of the hourly 

peak changes, a diurnal pattern of flow is still evident indicating that human activities are still 

impacting streamflow, even with the conservation efforts.  

In contrast, the mean hourly peak in Topanga Creek occurs approximately 2 hours later 

in the day. A strong diurnal pattern is not observed, instead a more sinusoidal pattern is 

apparent. However, when inspecting median hourly flows in Topanga Creek, the hourly pattern 

is more uniform, where streamflow remains consistent throughout the day.  

 

 

Figure 2.10 Pre-conservation vs during-conservation normalized mean hourly streamflow for 
summer months only (June, July, August) in Ballona Creek (left) and Topanga Creek (right). 
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2.6 Conclusions 

This research evaluates the impact of urbanization and imported water on hydrologic 

fluxes utilizing a range of spatial and temporal scales. We also had a significant focus on dry 

season flows, in order to better evaluate the impact of water restrictions on regional runoff 

patterns. The primary implications from our work are summarized as follows:  

• Imported water significantly increases streamflow and alters diurnal patterns, especially 

during the dry season.  

Based on the runoff ratio analysis, it is clear that imported water is contributing to 

streamflow as runoff ratios in 2002, 2007, and 2008 exceeded the theoretical maximum 

of one (maximum of 1.6) in the urban watershed, Ballona Creek. This indicates that there 

is more discharge output than precipitation in the more recent records. The only 

explanation for these high runoff ratios is that there is an external source of water (other 

than precipitation) contributing to flow, and in Los Angeles, that source is imported water.  

The low flow analysis indicates that the increase in runoff is especially apparent 

during the summer months when there is very little precipitation and higher irrigation 

rates. In Ballona Creek, the river ran dry during parts of the year until approximately 

1940, when low flow steadily began to increase to a high of 0.18 mm in 2007. Since 

Ballona Creek is mostly concrete lined and there are no water reclamation plants 

discharging into the river, it is highly likely that the increase is due to increases in outdoor 

water use allowed by imported water sources.  

Evaluation of dry season flows from pre- to during-conservation shows a 

significant decrease in flow during the summer months. The daily and hourly flow 

analyses also show that imported water alters both the diurnal and weekly flow patterns 

relative to what a background or un-urbanized signal would be. Typically, when modeling 

urban systems, increasing impervious surface is the primary parameter that is of 

concern. However, our analysis has shown that in semi-arid regions where high irrigation 

rates are observed, imported water has a significant impact on both the timing and 

volume of streamflow and must be accounted for.  

• Mandatory water conservation signals are observable in streamflow records.  

Water conservation efforts are having a large, quantifiable impact on streamflow 

behavior in southern California, which shows significant changes relative to outdoor 

water use and management practices. Evaluation of pre- to during-water conservation 

periods displays a major decrease in streamflow in the urban watershed, Ballona Creek 

with an average annual drop of 95 mm (36% of total flow). The largest decreases occurs 
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during the summer months, where a decrease of 20.8 mm (69% of summer streamflow) 

is observed, compared to the winter decrease of 18 mm (16% of winter streamflow). 

Thus, the pre- and during-water restrictions analysis indicates that water restrictions are 

having the largest influence on dry season flows in Ballona Creek. Overall, significant 

changes are observed at nearly all time scales in Ballona Creek (except annual), while 

no significant changes are observed in the natural watershed, Topanga Creek. Since 

outdoor water use has been the primary target of water conservation efforts, it is likely 

that prior to conservation efforts, over-watering of lawns and other outdoor water use 

practices were contributing to streamflow in the highly urbanized Ballona Creek.  

While the Ballona Creek system is unique, due to its limited groundwater-surface 

water interaction (most of the channel is concrete lined), it is likely that the observed 

behavior is occurring in other areas where outdoor water conservation is being 

implemented. Semi-arid regions, such as Southeastern Australia and the Southwestern 

United States, which have experienced water scarcity problems and drought, have also 

focused on decreasing outdoor water use through conservation efforts (Cahill and Lund, 

2012; Dolnicar et al., 2012; Olmstead and Stavins, 2009). While studies have shown a 

streamflow decrease due to drought in these regions (van Dijk et al., 2013; Konrad and 

Booth, 2002; Leblanc et al., 2009; Piechota et al., 2004), it is also possible that outdoor 

conservation efforts are contributing to the decrease as well. Analyzing changes in 

weekly peak flow timing or changes to diurnal streamflow patterns could indicate 

changes caused by outdoor conservation in addition to drought.  

• Management Implications  

In Ballona Creek, during the summer months, the runoff difference between pre- 

vs during-conservation periods was 20.8 mm, (equivalent to 13.8 mgd) - enough water to 

supply over 160,000 residential customers (using LADWP’s residential per capita 

consumption estimate of 326 liters per capita per day (86 gallons per capita per day)). If 

Los Angeles reduces its water restrictions and returns to watering 7-days-a-week, more 

education and outreach is needed on irrigation efficiency and proper irrigation rates. 

There is a balance between over-irrigation leading to artificially high runoff and under-

irrigation leading to decreasing greenness and tree mortality. Better technology and 

improved evapotranspiration estimates are also required so that excessive watering 

practices no longer occur.  

If water conservation measures stay in place, restricting outdoor watering, 

managers need to be cognizant of the corresponding decrease in streamflow, especially 
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when considering the impact on dry season flows. Currently, Ballona Creek is classified 

as an impaired water body with total maximum daily loads for wet and dry weather flows 

where trash, bacteria, metals, and toxics have been identified as pollutants of concern. 

Decreased flows could lead to higher concentrations of pollutants, increasing the 

possibility of water quality exceedances. Based on the diurnal pattern in the hourly 

analysis of Ballona Creek during the summer, it is evident that human activities are still 

influencing streamflow. Due to the large decrease in flow from conservation, it is likely 

that the remaining runoff has a higher concentration of pollutants as it will not be diluted 

by additional irrigation water. Further, many cities, including Los Angeles are considering 

the implementation of storm water capture methods. These altered flow regimes need to 

be taken into consideration when evaluating the feasibility of storm water capture both at 

the annual and seasonal scale.  

Our analysis is the first to show that streamflow records can be used to monitor 

the efficacy of upstream conservation efforts. Observational data (discharge information) 

could be used to target areas and communities that may not be responding to 

conservation efforts. This monitoring approach could be used in other regions as well. 

Utilities targeting outdoor water conservation could install gages at discharge points 

along a stream to monitor pre- vs during-conservation patterns. While many conservation 

efforts across the country and globally do not limit outdoor watering days, they do limit 

watering times, restricting watering during peak sunlight hours. By analyzing diurnal 

patterns of streamflow data, managers could target areas that are not complying with 

water conservation restrictions.  

When implementing outdoor conservation, it is important for managers to be 

cognizant of the potential negative impacts reduced irrigation runoff could have on 

ecological communities. Decreases in low flow could lead to reduced diversity and 

biomass of invertebrates and fish and loss of riparian vegetation (Lake, 2003; Poff and 

Zimmerman, 2010). Careful monitoring should be conducted to ensure that impacts of 

conservation efforts do not negatively harm these established communities.  

The impact of conservation efforts also shows the importance of including an 

irrigation fluxes in modeling studies. While some have taken irrigation into account, they 

typically model irrigation rates based on soil moisture conditions or plant requirements 

and do not use consumption data or consider dynamic watering practices. As our 

analysis shows, excess water is being generated from irrigation (i.e. over-irrigation of 

landscapes is occurring) which contributes significantly to surface runoff. Thus, 
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quantification of outdoor irrigation is critical for urban hydrologic models in semi-arid 

cities.  
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CHAPTER 3  

UTILIZING A BAYESIAN HIERARCHICAL MODEL TO FILL GROUNDWTAER LEVEL DATA 

WITH A HIGH PERCENTAGE OF MISSING DATA. 

 

Modified from a manuscript in preparation for publication 

Kimberly F. Manago, Aaron Porter1, Terri S. Hogue, and Amanda S. Hering2 

 

Abstract 

In the City of Los Angeles, groundwater is the primary source of local water supply, 

accounting for 11% of the total water supply on average, and 30% during drought years. Due to 

the severe drought in California, increased reliance on local water supply highlights the need for 

studies on groundwater levels and estimating sustainable groundwater supply to prevent any 

negative impacts of overdrafting. However, in an urban setting, such as Los Angeles, 

understanding or modeling groundwater levels becomes extremely complicated due to various 

anthropogenic influences such as groundwater pumping, artificial recharge, landscape irrigation, 

leaking infrastructure, seawater intrusion barriers, and increased impervious surfaces. Thus, 

analysis of observed groundwater level data could improve understanding of urban land cover 

impacts on recharge rates and local water supplies. Unfortunately, groundwater data is often 

irregularly sampled with large gaps between samples, resulting in sparsely populated dataset. 

Thus, the monitoring wells used for creating spatial maps will differ for each timestep, depending 

on data availability. We propose a methodology for imputing missing data utilizing a separable 

Bayesian Hierarchical Model (BHM) allowing for all wells to be used for each time steps. In 

addition, the BHM allows for error estimates of the imputed data, as 10,000 imputed values are 

estimated for each missing data point. Further, error can be estimated for each pixel in the map 

due to not only imputing the missing data but also predicting the new locations.  Ultimately, this 

methodology allows for analysis of groundwater level fluctuations and their associated 

uncertainty across the entire study area and study period which can then be used to analyze 

land cover impacts to groundwater level fluctuations.  

3.1 Introduction 

California’s extreme drought (Swain et al., 2014) - with historically low precipitation and 

snowpack, lead to statewide mandatory restrictions and imported water decreases in many 
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2 Department of Statistical Sciences, Baylor University 
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regions. This has had major short and long-term impacts on water supply sources and water 

supply reliability, especially in cities such as Los Angeles that depend on imported water 

sources. In Los Angeles, approximately 80% of their water supply comes from imported 

sources, heavily relying on snowpack in the Sierra Nevadas (LADWP, 2010). However, due to 

the recent drought, there has been a push for increasing reliance on local water supplies. The 

primary source of local water supply for many cities in Southern California is groundwater. In the 

city of Los Angeles, groundwater typically accounts for approximately 11% of water supply on 

average, increasing to approximately 30% during drought years (LADWP, 2010). 

The increased reliance on local water supply highlights the need for improved 

understanding of regional groundwater dynamics and estimating sustainable groundwater 

supplies to prevent any negative impacts of overdraft such as land subsidence, increased sea 

water intrusion, and decreased groundwater storage capacity (Zektser et al., 2005). Yet, 

recharge in urban areas is not well understood as it is complicated by anthropogenic influences 

such as groundwater pumping, artificial recharge, landscape irrigation, leaking infrastructure, 

seawater intrusion barriers, and increased impervious surfaces (Lerner, 1990). Typically, in 

urban areas, zero recharge is assumed due to the large area of impervious surface not allowing 

water to infiltrate and recharge the groundwater basin. However, in water limited regions where 

heavy irrigation occurs, this underestimates the amount of recharge occurring. 

The need for improved understanding of urban systems is further amplified by the 

impending risks associated with future climate change. While it is widely agreed that climate 

change will cause temperature to increase in the future, projections of precipitation are less 

certain. However, in the southwestern US, winter and spring precipitation is consistently 

projected to decrease by 2100 (Georgakakos et al., 2014). Additionally, drought in the 

southwest is expected to become more frequent, intense, and long lasting (Garfin et al., 2014) – 

strengthened by the current drought already beating previous historical records. Further water 

supply stress stems from forecasts of declining snowpack and streamflow amounts in the 

northwest, which Los Angeles is heavily reliant on. In order to combat the various threats to 

water supply, groundwater is expected to play a larger role in water supply and management. 

Groundwater is able to provide a buffer during times of water shortage, making it more resilient 

than surface water in dealing with the effects of climate change (Taylor et al., 2013). 

Oftentimes, groundwater models such as MODFLOW are used to analyze spatial and 

temporal trends in groundwater levels and recharge. But, many of these models require the 

estimation of numerous parameters and are prone to both random and systematic model error 

(Demissie et al., 2009) that are typically difficult to quantify. The launch of the Gravity Recovery 

and Climate Experiment (GRACE) satellite enables analysis of groundwater levels to be 
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conducted without requiring parameter estimation, however, the spatial resolution is too course 

(300-400 km) to study groundwater fluxes in urban systems. Spatially interpolated groundwater 

monitoring well data has the potential to solve both of these problems, especially in basins with 

many wells. 

A common problem in using groundwater level data is the irregular sampling of the 

monitoring wells, resulting in sparsely populated datasets. Thus, imputation is required to 

provide enough observations to create spatially interpolated maps utilizing methods such as 

Ordinary Kriging. Bayesian hierarchical models have been growing in popularity over the past 

couple of decades, especially in environmental science. This growth stems from the ability of 

these models to account for both spatial and temporal effects by factoring their joint multivariate 

spatio-temporal covariance structures into a series of conditional models (Wikle, 2003). 

Additionally, they allow for multiple imputation of missing data – a method preferred over single 

imputation due to the ability to reflect the uncertainty of the missing values in subsequent 

analyses (Hopke et al., 2001). The ability to impute multiple realizations of the missing values 

also allows for error estimates of both the missing data and for the spatial maps. 

The primary objective of this paper is to develop a Bayesian Hierarchical model, taking 

into account both spatial and temporal correlation, to impute missing groundwater data. The 

filled datasets will then be used to create spatially interpolated maps of groundwater levels with 

error estimates. 

3.2 Study Area and Data 

3.2.1 Study Area 

The groundwater basin selected for analysis in this study is the Central Basin, located in 

Los Angeles County, CA (Figure 3.1). Los Angeles has a semi-arid, Mediterranean climate, 

receiving an average of 15 inches of annual precipitation, occurring mostly during the winter 

months. The Central Basin is one of the primary aquifers supplying water to the Los Angeles 

Department of Water and Power (LADWP) but also supplies water to agencies such as the 

Metropolitan Water District, Central Basin Municipal Water District, City of Compton, and City of 

Long Beach. Groundwater in the region is extremely important as it is the primary local water 

source, with recycled water being the only other local water source (supplying approximately 1% 

of total demand). Groundwater is such an important resource, that many of the basins in Los 

Angeles County are adjudicated, meaning that all groundwater users in the basin were assigned 

specific groundwater rights by the courts after hearing arguments from each party. The Central 

Basin was adjudicated in 1965 due to overdrafting that occured in the 1960's. To further combat 

the negative impacts of over-pumping, seawater intrusion barriers were constructed in 1966 and 
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are located in the southern portion of the basin. Additionally, artificial recharge is used to 

replenish the groundwater reservoir using a combination of imported water sources and runoff. 

 

 

Figure 3.1 Central Basin study area and monitoring well locations with 500 m grid used for 
spatial interpolation. 

 

3.2.2 Data Source 

The groundwater level data used in this study was obtained from the Los Angeles 

Department of Public Works groundwater monitoring well network 

(http://dpw.lacounty.gov/general/wells/). The data values represent the distance from the ground 

surface to the water surface in feet. To make the data more manageable, it was aggregated to a 

monthly timestep over the 20-year study period from 1960 to 1979; thus, a total of 240 timesteps  

were included in the study. The study period from 1960 to 1979 was selected as a test period 

because it had the least percentage of missingness and exploratory analysis displayed the time 

period experienced the lowest groundwater levels on record followed by a steady increasing 

trend. The groundwater data is irregularly sampled with many wells having large gaps between 

samples, resulting in a sparsely populated dataset (Figure 3.2). Quality control of the data was 

performed to remove gross outliers which are potentially the result of input error or 

measurement error. Additionally, wells with less than 10 observations in the 20-year time period 
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were discarded and not included in the model. After discarding wells, a total of 210 wells are 

used in the model (locations shown in Figure 3.1). The modeled wells are missing a mean and 

median of 39.01% and 33.96% of data, respectively. Two wells in the dataset had no missing 

data and the maximum percentage of missing data for a well was 92.5%. 

Figure 3.3 shows an exploratory analysis of the data and there appears to be a strong 

seasonal pattern for three of the four wells, while one shows very little. The three wells showing 

strong seasonal fluctuations are located in regions near parks and spreading grounds, while the 

well showing very little seasonal fluctuation is located in an extremely developed region. In 

general, for all wells, there appears to be a decreasing trend in groundwater levels until 1961 at 

which point, the levels begin to increase again. The increase is most likely caused by the 

adjudication of the basin, which allowed groundwater levels to rebound. Thus, both seasonal 

and long-term temporal trends are evident in the data. 

 

Figure 3.2 Temporal coverage of data for each modeled monitoring well during study period 
where gray indicates observed data and white indicates missing data (top) and timeseries of % 

missing data across all wells for each month during the study period (bottom). 
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Figure 3.3 Historical groundwater level timeseries of select wells with long-term data (1930-
2009) 

 

3.3 Methodology 

3.3.1 Bayesian Hierarchical Model 

3.3.1.1 Data Model 

One of the primary goals for the groundwater dataset is to create monthly spatial maps of 

groundwater levels in the region based on observational data. However, due to the high amount 

of missing data, it is extremely difficult to create spatial maps for every time step in our 20-year 

time period. If wells were utilized or removed for each spatial map based on the availability of 

observational data, the number of wells used for each map for each timestep would change. 

Thus, the differences between spatial maps could be a result of the wells used, rather than 

differences in groundwater level data. This could pose major problems when trying to 

understand causes of fluctuations in groundwater levels, as fluctuations will be largely attributed 

to the presence or absence of wells when spatial interpolating groundwater level data.  
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To fill the missing groundwater data, we propose a 4-stage Bayesian Hierarchical model. 

The Bayesian Hierarchical model has the following stages: 

1. Data Model: [data|spatail process, temporal process, parameters] 

2. Process Model 1: [spatial process|parameters] 

3. Process Model 2: [temporal process|parameters] 

4. Parameter Model: [parameters] 

In addition, we assume that the spatial and temporal structure are separable conditional on the 

fixed effects, meaning that for each point in time, the strength and shape of the spatial 

dependence is the same, and for each spatial location, the strength and shape of the temporal 

dependence is the same. This is necessary due to the high percentage of missingness in the 

data, and has the effect of greatly simplifying the model and allowing for lower variance of the 

imputed values. 

Let Z represent groundwater levels at p spatial locations (p = # of points in space, ∈{ , ,… , }) and T months (T = total # of months, t ∈ { , ,… , } .  Thus, Z is a � ×  vector (� , = [ , , … , , , , , … , , , … , , ]′). We assume that Z is independent with the following 

data model: 

 � = �� + �� + �� + � (Eq. 3.1) 

where X is a �×  matrix accounting for the intercept and seasonal pattern where each 

row has the following columns [ , � � , � ], β is vector of coefficients of length three 

corresponding to the data model intercept and seasonal harmonics; M is a known matrix 

indexing spatial locations, s is a vector of spatial random effects; H is a known matrix indexing 

time, u is a vector of temporal random effects; and ϵ is a vector of random errors. The forms of M 

and H can be found in Appendix C.  We assume  � ∼  , ��  with the spatial and temporal 

process models capturing the dependence in Z. 

3.3.1.2 Process Models 

As mentioned, the spatial and temporal models are assumed separable due to large 

fraction of missing data.  This level of missingness makes it very difficult to accurately model the 

joint covariance matrix of u and s. Without assuming a separable model, the variance of the 

imputed values would be too high to produce useful estimates of the missing data.  Even with 

this separable structure, it is important to consider model parameterizations that include few 

parameters in order to obtain satisfactory model convergence. 

Due to the assumption that the model is separable, two process models are utilized to 

capture the spatial and temporal processes. The spatial model is defined as: 

 � ∼  ( , � � ) (Eq. 3.2) 
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where � � is a spatial covariance matrix with parameters, � = , �  , such that: 

 � � , ′  = � −ℎ , ′/��  (Eq. 3.3) 

where hp,p’ is the Euclidian distance between well p and well p’.  The spatial model here 

represents an exponential decay, which is a very flexible, two parameter model.  Due to the 

level of missingness, we also enforce a sum-to-zero constraint on s, which aids in model 

convergence. 

The temporal process is assumed to be an autoregressive process of order one (AR(1)). 

This allows for a short memory process that varies around the seasonal effects in X. The term 

short-memory here refers not to the calendar time of the process, but rather the number of 

measurements over which the temporal autocorrelation decays.  An AR(1) process with a high 

autocorrelation coefficient can create persistent temporal autocorrelation for an extended period, 

while an AR(1) process tends towards temporal independence as the autocorrelation coefficient 

tends to zero.  This makes the model quite flexible for our purposes, while only requiring two 

parameters. 

The AR(1) process has the form 

 � = �− + ,  (Eq. 3.4) 

where α is the autocorrelation parameter and t are random temporal deviations.  The 

temporal autocorrelation α is required to lie within the interval (-1,1) to generate a stationary 

process.  We assume ∼  , � , with �  unknown. Additionally, we enforce a sum-to-zero 

constraint on u. 

3.3.1.3 Parameter Model 

All priors are selected to be vague at the scale of the data and conjugate when possible.  

In the data model we use a prior of � ∼   �, � , with a hyperprior of � ∼ �  � , .  We additionally use the prior �� ∼  �� , . 

The prior distribution for �  is chosen as an IG(1, 1). No conjugate prior distribution is 

possible for s, so it is chosen to be Unif(0,d), where d is selected such that the correlation 

matrix is effectively one of independence (the largest off-diagonal element is less than 0.001). 

Uniform weight is placed over this entire domain, allowing the prior distribution to be vague. 

The prior distribution for �  is chosen as IG(1, 1).  No conjugate prior distribution is 

possible for the spatial autocorrelation parameter α, so it is selected as Unif(-1,1), which places 

equal weight over its entire domain, and is vague in that sense. 

The full conditional distributions resulting from these model specifications can be found 

in Appendix A. The sampling algorithm can be found in Appendix B. 
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3.3.2 Spatial Interpolation and Gridded Timeseries 

The Bayesian Hierarchical model is used to impute 10,000 values for each missing data 

point. Once the missing groundwater data is filled, spatial maps of groundwater levels are 

created at 500 m resolution (Figure 3.1) for each month using Ordinary Kriging. To generate 

uncertainty estimates for each pixel in the study area, 1,000 Ordinary Kriging maps were 

created for each time step. For each time step, the same number of wells are used so all maps 

are created using the exact same locations. When a well is missing data for a particular time 

step, a random sample of 1,000 imputations are retrieved from the 10,000 imputations created 

using the Bayesian Hierarchical model. When a well has observed data for a particular time 

step, the observed groundwater level is used for all 1,000 Ordinary Kriging maps. In addition to 

creating spatial maps of the groundwater monitoring well data, this method allows for error 

estimates of each pixel due not only to imputing the missing data, but also predicting at new 

locations. To obtain uncertainty estimates for each pixel of the spatial maps, the uncertainty of 

each pixel is estimated by calculating the variance of the pixel from the 1,000 generated maps.  

3.4 Results 

3.4.1 Parameters 

Visual assessment of the sample path display that convergence is met for all parameters 

within the first 1,000 iterations (Figure 3.4); thus, we discarded the first 1,000 iterations and 

sampled 10,000 iterations thereafter. Based on the posterior distribution of the data, we can 

analyze the parameter estimates, The spatial covariance parameter, , has a lower bound of 0 

and upper bound of 1.7 with a mean of 0.77 and standard error of 0.44. The low value of  

indicates there is little evidence of spatial dependence between wells; however, this could be 

due to the fact that the temporal dependence accounts for most of the variability in groundwater 

levels. The autocorrelation parameter,  ranges from 0.95 to 1, with a mean of 0.99 and 

standard error of 0.006. The value of  is near the upper boundary indicating that there is a 

strong association between well data at a one month lag. The covariate,  has a mean of 32.56 

m, similar to the observed data mean of 31.83 m. The nonzero value of the covariates, and , 

provide evidence of a harmonic pattern in the data; most likely due to the seasonal pattern 

present caused by precipitation patterns. In Los Angeles, precipitation primarily occurs during 

the winter months, causing groundwater levels to rise, while there is very little precipitation 

during the hot summer months (when water demands are at its highest), causing groundwater 

levels to lower due to high volumes of groundwater pumping. 
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Figure 3.4: Sample path display first 1,100 iterations (top) and posterior distribution for , , , 
, and  

 

3.4.2 Temporal 

Individual timeseries were created for each well to visually assess performance (Figure 

3.5). Results indicate the model performed well as the observed data typically remains within the 

model’s 95% credible interval. However, during sudden fluctuations in groundwater levels, 

observations fell outside of the 95% credible interval (~3.1% of all observations).  

 Overall, the model is able to capture long-term trends in groundwater levels, but has 

variable performance when capturing seasonal fluctuations. This is especially apparent in areas 

with large changes month to month (i.e. parks and spreading grounds that experience extreme 

seasonal fluctuations), where observed amplitudes are much higher than those predicted by the 

model. The inability to capture seasonal fluctuations is also apparent in areas where there is 

little to no fluctuation (i.e. highly developed area with impervious surfaces). This is most likely 

attributed to the same seasonal pattern being fit to all wells in the basin. Thus, differences in 

seasonal variability for each well are not captured. While the exploratory analysis showed 

difference in seasonal patterns among wells, adding a land cover covariate to account for 

different seasonal fluctuations would bias results. Since we are mostly interested in using the 

groundwater data to better understand the impact of land cover on recharge levels, including a 

land cover covariate would introduce a dependency, biasing the results to show a relation 

between recharge and land cover.  

 The model could potentially be improved by adding a land cover covariate to account for 

different seasonal variation due to land cover type, where different land cover types are grouped 

and fit to different seasonal patterns. However, for the dataset used in this study, due to the high 
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missingness, adding a land cover covariate would be difficult because there is not engouh data 

to estimate the seasonal patterns for different land covers which could lead to high variances in 

the imputed values.  

3.4.3 Spatial 

Groundwater level spatial maps are created by calculating the mean of the 1,000 

Ordinary Kriging maps for each timestep (Figure 3.6). To estimate error for each pixel, the 

variance of the 1,000 maps was calculated (Figure 3.6). This method allows for the inclusion of 

all wells in the prediction for each timestep. Thus, discarding wells based on data availability is 

not necessary, resulting in a smoother change in the maps across timesteps. Since multiple 

values are imputed for each missing datapoint, spatial maps can be created using the 2.5 

percentile and 97.5 percentile of imputed values (Figure 3.6). This allows for visualization of a 

range of groundwater levels, instead of only producing one map that does not accurately 

represent the range of values sampled. The lower 2.5 percentile maps can be used as a 

conservative estimate of water levels, to monitor for potential subsidence or overpumping.  

The groundwater maps retain the same overall spatial pattern throughout time, with low 

water levels in the North-East portion of the basin and higher water levels as you go South 

(Figure 3.6). However, small changes can be seen in concentrated areas, allowing identification 

of regions where overpumping or recharge has occured.  

The spatial maps of variance (Figure 3.6) allow for visual and quantitative assessment of 

the areas in the basin where there is the most uncertainty in groundwater levels. This could aid 

planners in determining where new monitoring wells need to be installed or having confidence in 

their estimates of groundwater avaiability. This is different from the variance maps created when 

conducting Ordinary Kriging as Ordinary Kriging variance only take into account the uncertainty 

associated with spatially interpolating the data and does not take into account uncertainty 

associated with imputing the missing data.  

3.4.4 Gridded 

The spatial maps at each time step allow timeseries to be created for each pixel in the 

map. Pixel timeseries may be compared to each other to analyze differences between various 

points on the map. Filling data prior to creating the spatial maps is critical in order to ensure that 

changes in groundwater level from one time step to the next are due to fluctuations in observed 

data, not due to the absence or presence of a particular well when using Ordinary Kriging.  

For this analysis, two pixels were selected (Figure 3.7). Pixel one is 100% highly developed 

while pixel two is located over a spreading ground. Comparing the two timeseries (Figure 3.8) 

shows large changes in monthly fluctuation between each pixel where the average absolute
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Figure 3.5 Timeseries of observed (black dots), model posterior mean (red dashed lines), and 95% credible interval (gray shaded 
area). The top row displays a good fit and the bottom row displays a poor fit with percent of missing data decreasing from left to right: 

(a) ~85% (b)~30%, and (c)10%. 
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Figure 3.6 Spatial maps for July 1974 displaying groundwater levels (m) of the (a1) mean of 1,000 maps, (b1) 2.5 percentile, (c1) 97.5 
percentile (row 1) and the (a2) variance, (b2) difference between 2.5 percentile and mean, and (c2) difference between 97.5 

percentile and mean. 
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change is 0.7 m and 1.9 m for the highly developed (Pixel 1) and spreading ground (Pixel 2) 

pixels, respectively. The large discrepancy in monthly fluctuations is most likely caused by the 

difference in land cover type. The highly developed pixel, contains mostly impervious surface 

that does not allow for water to permeate and recharge the basin. In the spreading ground pixel, 

they are intentionally recharging the basin, leading to large fluctuations.  

 

Figure 3.7 Central Basin study area map displaying Ordinary Kriging pixels, select comparison 
pixels, NLCD developed land cover, irrigated areas, and spreading grounds. 
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Figure 3.8 Comparison of two selected pixels: (a) highly developed pixel and (b) spreading 
ground pixel (c) monthly GW level change comparison between the two pixels. 

 

3.4.5 Comparison to spatial maps created with only observed data 

Spatial maps were also created using only observed data. For each timestep, only wells 

with observed data were used when creating the spatial maps using Ordinary Kriging (Figure 

3.9); thus, the number of wells used changed for each timestep based on data availability. The 

monthly difference between spatial maps were calculated for both the observed data spatial 

maps and imputed data spatial to evaluate the temporal change in groundwater levels between 
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consecutive months. For the maps created with only observed data, it is clear that the changes 

in groundwater level, especially in the northwest corner of the map are primarily caused by the 

wells used for each timestep. The presence of observed in the northwest corner on April 1962 

and absence of data on May 1962 results in large changes between the maps created for each 

month. There is greater than a 40 meter between some pixels in the northwest portion of the 

basin, which is an unrealistic chnage over a one month period. This clearly illustrates the 

problem with using only observed data to create spatial maps throughout time, where any 

changes in groundwater level could be a result of wells used when spatially interpolating. In 

contrast, when comparing month to month changes using the imputed dataset, there are much 

smoother transitions. The mean absolute difference between monthly maps created by the 

observed dataset is 3.82 m (removed two months of data to calculate mean due to extreme 

changes of ~1700 m in January and February 1979; mean of 7.25 m when including both 

months) while it is 1.74 m for the maps created by the imputed dataset. In addition, for the 

imputed data spatail maps, the general spatial patterns of groundwater levels remain the same 

with localized areas where larger fluctutations occur. This is much more realistic for groundwater 

data and also useful for finding "hotspots" where overpumping is occuring or where large 

volumes of recharge is occuring. Further, any change between spatial maps are a result of 

changes in the data, not in wells used due to data availability. 

3.5 Conclusions 

This study provides a methodology for imputing missing groundwater level data and 

creating spatial-temporal groundwater level maps. The method allows for estimation of 

uncertainty in the spatial groundwater level maps caused by filling missing data. These spatial 

maps can then be used to analyze relations between groundwater level fluctuations and land 

cover type. Further, the maps may be used to validate the output of groundwater models, taking 

into account uncertainty of each pixel. The primary implications from our work are summarized 

as follows:  

• Filling missing datasets prior to spatial interpolation leads to smoother temporal 

transitions between spatial maps where differences in groundwater levels are attributed 

to actual observed data instead of the presence or absence of a well. 

• Using this method, uncertainty due to filling of missing data may be accounted for in the 

spatial maps. 

• Analyzing individual spatial grids allows for evaluation of land cover impacts on 

groundwater levels and quantification of differences in recharge rates. This can aid water 
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managers and planners in understanding how land cover type impacts water resource 

availability. 

3.6 Appendix  

3.6.1 Appendix A: Full Conditional Distributions 

1. � �, , �, �, , � , �� ∼ (�, �� �′� + � � − − )   

where � = �� �′� + �� � − − �� �′ � − �� − �    
2. u Z,β,u, � , , �� ∼ (�, �� ′ + ��� − − ) 

where � = �� H′H + (A′�A)− − �� H′ Z − Xβ − Ms  

and A has ones on the diagonal, -α entries just below the diagonal, and zeroes 

elsewhere and Ω is a diagonal matrix with entries ��− , � , � ,… , � ′. 
3. �� Z,β,s,u ∼ �� × + , Z − Xβ − Ms − Hu ′ Z − Xβ − Ms − Hu +  

4. �s s, ∼ �� + , s′M′ΦMs +  

where Φ , = −ℎ , �� 
5. �u u, ∼ �� + , uH′�′�− AHu +  

6. β �� , �β,u,s,Z ∼ �, �� X′X + �� ⋅ � −  

where � = �� X′X + �� ⋅ � − �� X′ Z − Ms − Hu  

7. �� β ∼ �� + , β ′ β +  

8. � ,s ∝ |� |− exp − s′Σ s �∈ ,�  

9. � ,u ∝ exp log − − �� u′u − u′u − + u′u − − ∈ − ,  

3.6.2 Appendix B: The Sampling and Imputation Algorithm 

We initialize the missing values of Z, Z , at the grand mean of the observed values of Z, 

Z . Both vectors of random effects, s and u, are initialized as zero vectors. The fixed effect 

parameter vector β is initialized at the least squares estimates of the regression equation Z =
X β + ϵ, where X  are the rows of X associated with Z . The correlation parameter  is 

initialized as 1 (NOTE: This value may need to be changed based on the support of , and  is 

initialized as 0. Finally, � , � , � ,  and ��  are initialized as 1. 
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Figure 3.9: Spatial maps created using only observed data (row 1) and filled data (row 2) for (a) April 1962, (b) May 1962, and (c) and 
the difference between April 1962 and May 196
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At each iteration of the MCMC algorithm we perform the following steps in order: 

We draw s, u, �� , � , � , �, and �  by means of Gibbs steps directly from their full 

conditional distributions. 

1. We draw  by means of a Metropolis step. The proposal is generated as , ∼ N ,c e , Vθs  where Vθs is tuned based on a sample chain. The full conditional density 

of  is proportional to the expression in Appendix A. 

2. We draw α by means of a Metropolis step. The proposal is generated as ∼ , �  ℎ  �  is tuned based on a sample chain. The full conditional density of 

α is proportional to the expression in Appendix A. 

3. We impute the missing value of Z based on the predictive distribution � |�, �, �, �� ∼ � i � + � � +  �, �� ⋅  � $, where �  represents the rows of M associated 

with � , and  is equivalently defined for H.  

4. We repeat steps 1-4 until convergence. 

5. Convergence is assessed based on the Geweke diagnostic (Geweke, 1992), with p-

values greater than 0.05 for all model parameters indicating convergence of the MCMC 

chain. 

3.6.3 Appendix C: Details on Spatial and Temporal Indexing 

As noted, the forms of M and S are known.  They are structured as follows. 

1. M is a matrix of size × × .  This matrix is constructed such that it contains t  

vertically stacked ×  identity matrices.   This matrix will essentially repeat the spatial 

structure introduced by the spatial random effect term, s, for each time point.  It is fixed. 

2. H is a matrix of size × × .  Column i of this matrix is constructed such that rows � − ⋅ +  through ( � − ⋅ +  ) are ones, and the rest of the entries are zeroes.   

Its purpose is to repeat the temporal structure introduced by the temporal random effect 

term, u, across all locations.  It is fixed. 

As a result, Ms and Hu terms have the following structure: 
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where  to  is repeated t times and each element of u is repeated t times and vertically 

stacked.  
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CHAPTER 4  

EFFECT OF URBAN LAND COVER COMPOSITION AND VEGETATION TYPE ON 

EVAPOTRANSPIRATION RATES IN A SEMI-ARID REGION 

 

Modified from a manuscript in preparation for publication  

Kimberly F. Manago, Terri S. Hogue, Elizaveta Litvak1, and Diane E. Pataki1 

Abstract 

Evapotranspiration plays an important role in the redistribution of water, where 

alterations to ET directly impact available water resources. However, estimates of ET in urban 

areas are highly uncertain and studies provide varying conclusions on whether urbanization 

increases or decreases ET. The two most common land cover types associated with 

urbanization are impervious surfaces and urban vegetation, which have opposite effects on ET. 

In this study, the combined impact of impervious surfaces, irrigated trees, and turfgrass are 

evaluated using empirical models that account for specific vegetation parameters. Model 

outputs are then scaled up to provide estimates of total ET for all land cover compositions for the 

City of Los Angeles. Four scenarios, developed for various landscape, are then tested to better 

understand the sensitivity of ET rates to model parameters. Results show that for Los Angeles 

(LA), turfgrass has the largest impact on ET rates, followed by impervious surfaces, then trees. 

However, altering tree species can significantly change ET rates; a comparison of low water use 

trees to high water use trees resulted in a difference of 1,135 mm yr-1 in tree transpiration for an 

area covered in trees. In general, land cover composition is critical for understanding how 

urbanization changes ET rates. In LA, an urban area composed of greater than 30% grass 

results in an increase in total ET while an area composed of greater than 80% impervious 

results in a decrease in total ET. Overall, based on the current land cover composition in Los 

Angeles, urban ET has increased when compared to natural or background ET rates.    

4.1 Introduction 

Evapotranspiration (ET) from vegetated urban landscapes, a major uncertainty in 

regional water and energy budgets, is intrinsically dependent on land cover composition (Liu et 

al., 2008; Zhang and Schilling, 2006). Irrigated vegetation and impervious surfaces are two of 

the most common urban land cover types; but, they have opposite effects on ET. Vegetated and 

irrigated urban landscapes may exhibit high ET rates, particularly in arid and semi-arid climate 

zones (Litvak et al., 2011, 2012; Pataki, McCarthy, et al., 2011b) while impervious surfaces have 

                                                   
1 Department of Biology, University of Utah 
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very little water storage capacity resulting in very low to negligible ET (Haase, 2009). Therefore, 

large proportions of vegetation presumably increase municipal ET, while large proportions of 

impervious surfaces decreases ET (Claessens et al., 2006; Dow and DeWalle, 2000; Haase, 

2009). However, quantitative relationships between different surface cover types and ET, based 

on actual in situ measurements in urban environments, have not been established. 

Even though the estimation of ET has been the focus of numerous studies, dating as 

early as the 1910s (Ol’Dekop, 1911), it is extremely difficult to measure,  leading to large 

uncertainties (Nouri et al., 2013; Pataki, Boone, et al., 2011; Shields and Tague, 2012; Sun et 

al., 2012). Various estimation techniques, including the residual of water budgets (Kohler, 1959; 

Kosugi and Katsuyama, 2007; Thornthwaite and Mather, 1955), empirical equations (McMahon 

et al., 2013), high resolution land surface models, and satellite remote sensing methods that 

have been identified as the most efficient and economic (Courault et al., 2005; Kim and Hogue, 

2013; Knipper et al., 2016; Li et al., 2009; Mauser and Schädlich, 1998), require validation of the 

derived ET values, which is problematic because of the paucity of ground-based ET data. 

Current ground-based methods, such as surface energy balance methods (Allen et al., 2007; 

Bastiaanssen et al., 1998; Moran et al., 1994), Penman-Monteith methods, triangle/trapezoidal 

methods (Carlson, 2007; Jiang and Islam, 2003; Kim and Hogue, 2013; Price, 1990), scaling 

potential ET (PET), and eddy covariance (Bausch, 1995) have been primarily applied to forested 

and agricultural areas and lack precision over highly heterogeneous urban areas. 

The influence of urbanization on ET is particularly difficult to estimate because of 

exacerbated heterogeneity in land cover, which can be variable at the sub-meter scale. Applying 

remote sensing based ET methods over urban areas is problematic because very few (if any) 

homogeneous pixels will exist. This results in the mixed pixel effect where measurements 

received at the sensor result from interactions of electromagnetic radiation within each pixel 

(Keshava and Mustard, 2002) and the inability to discern the differences between urban land 

cover types (Small, 2001). Even within the same class of urban land cover type, variations in 

land cover exist because urbanization of an area is not a simple linear process going from 

natural to developed. The design of urban areas has also evolved throughout history (Delmelle 

et al., 2014; Wheeler, 2008) resulting in different land cover compositions based primarily on 

year built. Thus, generalizations cannot be made for a particular land use or land type.   

According to in situ measurements in Los Angeles, turfgrass ET varies from ~2 to 5.5 

mm d-1 in summer and from ~2 to 2.5 mm d-1 in winter (Litvak et al., 2013), accounting for 

approximately 70% of municipal ET in Los Angeles (Litvak, Manago, et al., 2017). Turfgrass ET 

is heavily controlled by incoming solar radiation and shading (Feldhake et al., 1983; Litvak et al., 

2013; Shashua-Bar et al., 2009), where previous studies have found that shade from 
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ornamental trees and nearby built structures is an essential factor controlling turfgrass ET(Litvak 

et al., 2013). ET of shaded lawns in Los Angeles was shown to be up to 50% less than ET of 

unshaded lawns during the summer (Litvak et al., 2013). Moreover, areas that contained 

turfgrass lawns and trees that shaded them had lower total ET than unshaded turfgrass alone. In 

situ measurements of plot-scale tree ET in Los Angeles vary from 0.1 to 1.8 mm d-1, which is 

much lower than turfgrass rates. Transpiration of individual irrigated trees in the Los Angeles 

metropolitan area is species-, size- and site-specific and has a 10-fold variability, ranging from ~ 

13 kg tree-1 d-1 (Brachychiton populneus, Sequoia sempervirens) to ~ 177 kg tree-1 d-1 (Platanus 

acerifolia) (Pataki, McCarthy, et al., 2011b). Tree ET is primarily controlled by environmental 

parameters such as incoming solar radiation and vapor pressure deficit while also strongly 

dependent on species composition, planting density, and tree dimensions (Litvak, Mccarthy, et 

al., 2017; Litvak and Pataki, 2016).  

Thus, estimating ET in semi-arid cities with highly diverse vegetation compositions is 

extremely challenging. The city of Los Angeles, which is the core of the second largest-

populated metropolitan area in the United States, maintains over 6 million trees, most of which 

are non-native to southern California (Dwyer et al., 2000; Nowak et al., 2010; Pataki et al., 

2013). The extremely diverse species composition of Los Angeles urban forest, as well as the 

exposure of multiple tree species from mesic habitats to dry atmospheric conditions, results in 

highly variable transpiration patterns that are hard to predict without in situ evaluations (Avolio et 

al., 2016; Jenerette et al., 2011; Nowak et al., 2010; Pataki, McCarthy, et al., 2011b). Los 

Angeles landscapes are sustained by irrigation that often provides non-limited water supply to 

trees and turfgrass lawns exposed to relatively dry air (Litvak et al., 2013). The increase in water 

availability allows urban vegetation to transpire at much higher rates than would occur for 

natural land covers. This has major impacts on water demands in Los Angeles, where it is 

estimated that outdoor water use accounts for approximately 54% of total residential water use 

in Los Angeles (Mini et al., 2014a) and 65% of residential water use in Southern California 

(DeOreo et al., 2011). These irrigation rates often exceed natural precipitation rates (Mini et al., 

2014a); requiring imported water to sustain such practices. It has also been shown that these 

irrigation rates are excessive, where over-irrigation of urban vegetation has led to large 

quantities of urban runoff (Manago and Hogue, 2017). With the recent severe drought 

experienced by California (Swain et al., 2014), it is clear that there is a need for improved 

understanding and estimates of urban ET to aid water managers in planning for the future and 

inform residential irrigation rates in the hopes of decreasing local water demand.  

The goal of the current study is to quantitatively evaluate the impact of land cover 

composition on urban ET in a semi-arid city, using Los Angeles as a case study. We aim to 
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answer the following questions: (1) What are the relative roles of different land cover types 

(specifically: irrigated trees, turfgrass lawns, and impervious surfaces) in shaping urban ET in a 

semi-arid city? (2) How sensitive is ET to the physical characteristics of urban vegetated 

landscapes, such as vegetation types, percent canopy cover, and turfgrass shading regimes? 

(3) How, and to what extent, does urban ET in Los Angeles differ from the natural ET of its 

surroundings? 

To address these questions, we applied an empirical model of ET derived from in situ 

measurements in Los Angeles metropolitan area (Litvak, Manago, et al., 2017) to various 

fractional covers of impervious surfaces, turfgrass lawns and trees. We considered the following 

extreme scenarios of Los Angeles landscapes: (1) completely shading all turfgrass lawns, (2) 

replacing all trees with low-water-use species, (3) removing all shade from turfgrass lawns, and 

(4) replacing all trees with high-water-use species (the former two scenarios represented low 

landscape water use, and the letter two represented high landscape water use). The developed 

scenarios were then used to assess the quantitative impact of these landscape modifications to 

resulting urban ET.   

4.2 Methods 

4.2.1 Study Area  

This study focuses on the highly urbanized city of Los Angeles, CA (Figure 4.1), the 

second most populous city in the United States with a population of nearly 4 million people (U.S. 

Census Bureau, 2015). The region has a semi-arid, Mediterranean climate, experiencing most 

of its limited annual rainfall (average of 381 mm yr-1) during the winter months, with almost no 

precipitation during the summer. However, precipitation is supplemented by irrigation year-round 

to support vegetated landscapes, especially in residential areas. A study by Mini et al. (2014) 

found that outdoor residential water use in Los Angeles is approximately 439 mm yr-1, a rate 

higher than the average rainfall in the region. Thus, irrigation inputs alone are greater than what 

the region can sustain from local precipitation.  

Los Angeles is comprised of diverse land uses ranging from natural, open space to high 

intensity development. Based on a high resolution land cover composition dataset (McPherson 

et al., 2008), the land cover composition of Los Angeles is approximately 57% impervious, 26% 

tree, 11% irrigated turgrass, and 6% dry grass/bare soil. Using this land cover composition and 

the current vegetated landscape of Los Angeles, a recent study estimated that the annual ET for 

Los Angeles is approximately 370 mm yr-1 (Litvak, Manago, et al., 2017) 
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Figure 4.1 City of Los Angles with land cover composition (McPherson et al., 2008) and CIMIS 
station locations. 

4.2.2  Empirical Equations for Urban Land Cover Types 

Three urban land cover types are analyzed in the current study: turfgrass, trees, and 

impervious surfaces. Since we are primarily interested in understanding ET rates of urban land 

cover types, bare soil and/or natural land cover are excluded from this analysis. The urban 
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vegetative land covers are modeled utilizing empirical equations derived from in situ 

measurements (Litvak, Mccarthy, et al., 2017; Litvak and Pataki, 2016) as landscape 

coefficients do not adequately capture the dynamics of urban tree transpiration, nor does it 

adequately represent the impact of shading on turfgrass transpiration. We calculate total urban 

ET (ETurban) as the sum of ET from the three urban land cover types:  � = �� ∙ %� + ∙ % + ∙ %� �  (4.1) 

where ET is calculated in mm d-1
, and % land cover (LC) for each land cover type is calculated 

as the ratio of land cover area (ALC) to total area (Atot): ALC/Atot.  ET from each urban land cover 

is calculated as follows:  

 �� = .9 − . ∙ �  (4.2) 

where ET0 is ET from a reference surface of irrigated turfgrass and s is a shading parameter, = %% +%� , calculated as the ratio of trees to total vegetated area. Thus, in this study, all 

trees are assumed to shade turfgrass.  = ∑ . × − ��=  + ∑ . × − ���= . + . ln + . �   (4.3) 

where ,  is the density of urban trees (number of trees/Atotal) and � ,  (cm2) is the sapwood 

area for each coniferous species, i, each flowering species, j;  (kPa) is the vapor pressure 

deficit of air, and �  (W m-2) is incoming solar radiation.  

 =  (4.4) 

where we conservatively estimate that impervious surfaces do not contribute to ET. While other 

studies have shown that impervious surfaces may contribute to urban evaporation (Ramamurthy 

and Bou-Zeid, 2014), it does not increase water demand; thus it is not accounted for.  

4.2.3 Data Sources 

Weather parameters were obtained from California Irrigation Management Information 

System (CIMIS) stations. The three stations located nearest to Los Angeles were selected 

(Figure 4.1) and averaged to obtain mean daily values from Water Year (WY) 2001-2010 (Figure 

4.2). A tree survey of Los Angeles (Nowak et al., 2010) and high resolution land cover 

classification (McPherson et al., 2008) were used to estimate tree parameters, ,  and � , , 

using methodology outlined in Litvak et al. [2017b]. 
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Figure 4.2: CIMIS station mean daily weather parameter values for Water Years 2001-2010 for: 
(a) reference ET, ET0 (mm day-1), (b) incoming solar radiation, I0 (kPa), and (c) vapor pressure 

deficit, D (W m-2). 

 

4.2.4 Natural ET 

To better understand what land cover composition leads to an increase or decrease in 

ET rates, an estimate of natural ET (non-urban) is necessary for comparison. To estimate ET for 

natural land cover Moderate Resolution Imaging Spectroradiometer Global ET Project (MOD16) 

data was used (Mu et al., 2007, 2011). MOD16 is based on the Penman-Monteith equation, 

utilizing remotely sensed data to provide ET estimates at 1 km2 spatial resolution and 8-day, 

monthly, and annual temporal resolutions. For this study, monthly ET estimates were 

downloaded. Since natural ET was being estimated, only pixels within the City of Los Angeles 

with natural land cover was selected, where land cover was defined using the Multi-Resolution 

Land Characteristics Consortium 2011 National Land Cover Database (Homer et al., 2015).   
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4.2.5 Scenario Analysis 

In addition to establishing relationships between land cover composition and ET rates, 

we analyzed four scenarios, summarized in Table 1, to evaluate the impact of changing 

vegetation parameters on ET. The first two scenarios alter tree parameters and the second two 

alter grass parameters: 

 

Table 4.1: Summary of scenarios and associated tree and grass assumptions 

Scenario Tree Assumptions Grass 
Assumptions 

1: Low Water Use 
Trees 

Trees with sapwood area < 100 cm2 Shaded by tree canopy 

2: High Water Use 
Trees 

Trees with sapwood area > 1000 cm2 Shaded by tree canopy 

3: All Grass Shaded Estimated LA tree parameters All shaded 

4: All Grass Not 
Shaded 

Estimated LA tree parameters No shade 

 

Scenario 1 – Low water use trees: For this scenario, turfgrass is treated the same as 

originally described, where trees shade turfgrass, but it is assumed that only low water use trees 

are planted. Based on in situ measurements of irrigated urban trees in Los Angeles, Pataki et al 

(2011) identified the following low water use species: Brachychiton populneous, Brachychiton 

discolor, Sequoia sempervirens and Jacaranda mimosifolia. These species, when planted at 

densities ~100 trees ha-1, had ET ≤ 0.1 mm d-1. As the empirical model we use does not include 

species-specific parameters, we defined low water use trees in this study using these 

quantitative constrains: having ET ≤ 0.1 mm d-1 at planting densities ~ 100 trees ha-1. In our 

analysis, we used fixed tree planting density equivalent to current average tree planting density 

in Los Angeles 106 trees ha-1. Within our modelling framework, the Los Angeles urban forest 

comprised of low water use trees only is equivalent to a hypothetical forest where all trees have 

As less than 100 cm2.  

Scenario 2 –High water use trees: In contrast to scenario 1, scenario 2 assumes that only 

high water use trees are planted. According to in situ measurements of ET from irrigated urban 

trees in Los Angeles, species with the highest ET rates included Platanus racemose, Platanus 

acerifolia, Ficus microcarpa, and Gleditsia triacanthos (Pataki et al, 2011). These species had 

ET from 0.5-1.0 mm d-1 at planting densities ~100 trees ha-1. We defined high water use trees as 

having ET ≥ 0.5 at planting densities around ~100 trees ha-1. According to our empirical model, 

(Eq. 3), the high water use urban forest may be represented as comprised of trees with As 

greater than 1000 cm2.  
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Scenario 3 – All grass shaded: Tree species composition remains the same, as estimated 

by the Nowak et al. (2010) study,  but all grass is assumed to be shaded. While this scenario is 

not feasible, it highlights the potential water savings that is offered by shading from trees and/or 

buildings.  

Scenario 4 – All grass not shaded: Tree species composition remains the same, as 

estimated by the Nowak et al. (2010) study, but all grass is assumed to be not shaded. This 

scenario is also infeasible but it is able to show the upper range of ET rates for grass.  

4.3 Results 

Ternary diagrams are used to display ET rates for different combinations of land cover 

compositions. The ternary diagram is a triangular plot that graphically displays the proportions of 

% impervious, % grass, % tree, and the corresponding ET rate is indicated by the color of the 

point at the intersection of the three axes. Using this plot, ET rates can be easily read for 

different land cover compositions.  

4.3.1 Los Angeles ET 

Using the actual estimated tree and grass parameters, ternary plots were created for 

annual and seasonal ET rates (Figure 4.3 and Figure 4.4). The maximum ET rate of 1016 mm 

yr-1 occurs when the land cover is 100% grass while the minimum ET rate of 0 mm yr-1, occurs 

for 100% impervious. Since it is assumed that impervious surfaces do not contribute to ET, the 

minimum ET rate, corresponding to 100% impervious, is considered zero for all scenarios. The 

ET rates for 100% impervious, 100% tree, and 100% grass are 0 mm yr-1, 284 mm yr-1, and 

1016 mm yr-1, respectively, indicating that grass has the highest ET rate. The presence of a 

strong vertical gradient also indicates that % grass heavily controls ET rates. Using the actual 

land cover composition of Los Angeles, the average ET rate is 349 mm yr-1, where grass 

accounts for 73% of ET and trees account for 27%.  

Seasonal ET 

Seasonal ET rates were calculated, but only the results for summer (June, July, August) 

and winter (December, January, February) ae shown as they represent the range of ET rates 

experienced throughout the year, with summer displaying the highest seasonal ET rates and 

winter displaying the lowest seasonal ET rates. Comparison of winter and summer ternary 

diagrams (Figure 4.4) display that on average, summer ET rates are approximately 2 times 

greater than winter ET rates. The difference between summer and winter ET for 100% grass and 

100% tree are 878 mm yr-1 (73 mm/month) and 171 mm yr-1 (14 mm/month), respectively. 

Similar to the annual ternary diagram, a color gradient in the vertical direction is observed for 

both summer and winter, indicating that grass dominates ET rates during both seasons. The 
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gradient is more intense during the summer, ranging from 0 mm yr-1 to 1448 mm yr-1, while it 

only ranges from 0 mm yr-1 to 571 mm yr-1 during the winter.  

 

Figure 4.3: Annual ET rate (mm yr-1) for urban land cover compositions calculated using 
estimated vegetation parameters for the City of Los Angeles. The right axis represents % grass; 

thus, all points on each horizontal line are composed of the same percentage of grass. The 
bottom axis represents % impervious; thus, all points on each diagonal line with a positive slope 

are composed of the same percentage of impervious surfaces. Similarly, all points on each 
diagonal line with a negative slope are composed of the same percentage of trees. The three 

corners of the ternary diagram correspond to 100% grass (top), 100% impervious (bottom right), 
and 100% tree (bottom left). To compare multiple land cover types, repeat the process above 

and compare the colors of the points at each intersection. The bold black circled point displays 
the ET rate for land cover composed of 10% impervious, 70% tree, and 20% grass, 

corresponding to an ET rate of 300-400 mm yr-1.  
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Figure 4.4: Summer (left) and winter (right) ET rates (mm yr-1) for urban land cover 
compositions calculated using estimated vegetation parameters for the City of Los Angeles  

 

4.3.2 Scenario Analysis 

Evaluation of the four scenarios highlights the sensitivity of ET rates to vegetation 

parameters (Figure 4.4 and Table 4.2).  

 

Table 4.2: Summary of ET rates using actual estimated parameters and altered parameters for 
Scenarios 1-4. Using the actual land cover composition for City of Los Angeles, annual ET (ET 

Actual Comp) and the % of annual ET from tree and % of annual ET from grass (%ET from 
Tree/Grass) are estimated. ET is also estimated land composed of 50% tree and 50% grass, 

along with the relative contribution from tree and grass. 

Scenario 
Actual 
(Control) 

1: Low 
Water Use 

2: High 
Water Use 3: Shaded 

4: Not 
Shaded 

ET Actual Comp 
(mm/year) 

349 281 657 300 431 

- %ET from 
Tree/Grass 

79/27 91/9 39/61 69/31 78/22 

ET for 50% Tree, 
50% Grass (mm/year) 

551 449 1016 340 650 

- %ET from 
Tree/Grass 

26/74 9/91 60/40 42/58 22/78 

Max ET (mm/year) 1016 1016 1214 395 1016 

- Land Cover Comp 
(I/T/G) 

0/0/100 0/0/100 0/100/0 0/0/100 0/0/100 
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Figure 4.5: Annual ET rates for (a) Scenario 1: low water use trees, (b) Scenario 2: high water 
use trees, (c) Scenario 3: All turfgrass shaded, and (d) All turfgrass unshaded. 

 

Scenario 1: Low water use trees 

Assuming only low water use trees are present in Los Angeles (Figure 4.5a), ET rates 

decrease for all land cover compositions except 100% grass, where ET rates remains the same  

when compared to actual ET (Figure 4.3). The 100% impervious ET rate also remains the same, 

and will be zero for all scenarios. ET for 100% tree is 78 mm yr-1, a decrease of 206 mm yr-1 

when compared to actual tree composition. Due to the low Etree rate, grass heavily controls ET, 

as shown by the presence of a vertical gradient in Figure 4.5a, which is even more pronounced 

than in Figure 4.3. The increase in ET when going from 0% to 10% grass is 8 mm yr-1, which is 
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less than the decrease in ETgrass provided by the shading of trees. Thus, when going from 0% 

tree to 10% tree, ET decreases for all land cover compositions where grass is present.  

Scenario 2: High water use trees 

Assuming only high water use trees are present in Los Angeles (Figure 4.5b), ET rates 

increase for all land cover compositions except 100% grass, when compared to actual ET 

(Figure 4.3). ET for 100% tree is 1213 mm yr-1, an increase of 941 mm yr-1 when compared to 

actual tree composition. When only high water use trees are assumed, trees control total ET, as 

shown by the negative slope of the gradient.   

4.3.3 Comparison to Natural ET rates 

Using the MOD16 product, the estimated annual average ET is 272 mm yr-1 for natural or 

background vegetation. Thus, changing land cover from natural to unshaded grass results in a 

744 mm yr-1 increase in ET, while changing land cover from natural to impervious results in a 

272 mm yr-1 decrease in ET (Figure 4.6). For trees, using the actual tree species estimates for 

Los Angeles, changing land cover from natural to 100% tree results in a 12 mm yr-1 increase in 

ET, while using the water saving species results in a 193 mm yr-1 decrease and water intense 

species results in a 941 mm yr-1 increase. Thus, even while using low estimates for impervious 

ET, the alteration in ET caused by turfgrass and water intense tree species is greater than the 

alteration caused by impervious surfaces. In fact, based on the ternary diagram (Figure 4.6), any 

land cover composition with greater than 30% grass, increases ET, while any land cover 

composition with greater than 80% impervious, decreases ET.  

4.4 Discussion 

4.4.1 What are the relative roles of different land cover types (specifically: irrigated trees, 

turfgrass lawns, and impervious surfaces) in shaping urban ET in a semi-arid city?   

Overall, the role of land cover type in controlling urban ET is largely dependent on 

vegetation parameters. Comparison of total ET for urban areas composed of 50% grass and 

50% tree across scenarios results in a large range of relative ET contributions from trees and 

grass (Table 4.2). Grass contribution to total ET ranges from a low of 39% to a high of 91%, 

while tree contribution ranges from a low of 9% to a high of 61%. Thus, degree of shading and 

tree type plays a key role in determining which land cover predominantly controls total ET rates.  

With our assumption that impervious surfaces have zero ET, impervious surfaces do not 

contribute to ET, making it difficult to assess their role in shaping ET rates unless total urban ET 

is compared to natural ET rates. In semi-arid regions, natural ET rates are limited by water 

availability, thus, the relative role of impervious surfaces in shaping urban ET is dependent on 

weather variables.  
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Figure 4.6: Change in ET rates (mm yr-1) calculated as ETurban-ETnatural for all urban land cover 
compositions, where red to orange indicates a decrease in ET rates, and yellow to blue 

indicates an increase in ET rates when going from natural to urban land cover. 

 

Using Los Angeles vegetation parameters and weather variables, it is evident turfgrass 

primarily dominates ET rates. This is shown in Figure 4.3 and Figure 4.4, where a color gradient 

is evident in the vertical direction and 100% grass corresponds to the maximum ET rate of all 

land cover compositions. For urban areas composed of equal percentages of tree, grass, and 

impervious surface, 33.3% each, we find that urban ET increases when compared to natural ET 

rates. Closer evaluation of ET changes caused by each land cover type reveals that grass 

changes ET rates the most followed by impervious surfaces then trees. While trees do 

contribute to total ET in Los Angeles, they transpire at much lower rates than grass. They also 

decrease grass ET by providing shading, dampening their overall impact on total ET rates. In 

order for trees to contribute the same amount of ET as grass, the % area of trees needs to be 

approximately 2.6 times greater than the % area of grass.  
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4.4.2 How sensitive is ET to the physical characteristics of urban vegetated landscapes, such as 

vegetation types, percent canopy cover, and turfgrass shading regimes? 

As discussed above, ET is highly sensitive to the physical characteristics of urban 

vegetation. Based on the scenario analysis, changing vegetation parameters results in large 

changes to total ET. Trees appear to have the greatest impact on ET due to the large range in 

species transpiration rates. Comparison of Scenario 1 and Scenario 2 displays the crucial role 

that tree species plays in controlling ET rates. The difference between ETtree rates for high water 

use and low water use species is 1,135 mm yr-1. Altering tree parameters results in greater 

changes to ET than by altering grass parameters – high water use trees transpire at higher rates 

than unshaded turfgrass, while low water use trees transpire at lower rates than shaded 

turfgrass.  

Comparing Scenario 3 and Scenario 4 reveals the magnitude of including versus 

excluding shading when estimating ET rates. The ET rate of unshaded grass is 621 mm greater 

than shaded grass. Based on the land cover composition of Los Angles, the difference in ET 

rates when assuming shaded vs unshaded turfgrass is 131 mm yr-1. The approach used in this 

study assumes that only trees provide shading to grass; however, structures such as buildings, 

houses, and fences also provide shading. Current landscape coefficient methods do not take 

into account the decreased ET rates caused by shading; thus, utilization of such methods to 

inform irrigation practices would result in overwatering.   

4.4.3 How and to what extent does urban ET in Los Angeles differ from natural ET of its 

surroundings? 

In general, any land cover composition greater than 80% impervious surface decreases 

ET. Areas with greater than 80% impervious area include apartment complexes, commercial 

and industrial land uses. In contrast, any land cover composition with greater than 30% grass, 

increases ET. Areas in Los Angeles where this is likely to occur would include parks, golf 

courses, and residential areas, especially in more affluent neighborhoods where large yards are 

common. However, with the numerous water conservation efforts occurring in Los Angeles with 

incentives for residents to convert their yards from turfgrass to xeriscape or artificial turf, in the 

future, it is possible that residential areas could decrease ET.  

For the City of Los Angeles, urban ET has increased by approximately 77 mm year-1 

when compared to natural ET rates, enough water to serve over 500,000 customers. While Los 

Angeles is often referred to as a “concrete jungle”, this study shows that the nickname “urban 

oasis” is more fitting when considering the impact urbanization has had on ET rates.  
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4.4.4 Management Implications 

With the recent mega-drought in California and climate change predicted to increase 

water scarcity (McDonald et al., 2011), the ability to estimate water demands is crucial to ensure 

adequate supplies in the future. Results from the study highlight the necessity of water 

managers and urban planners working together as the design and development of a region are 

heavily linked to water use.  Comparison of ET rates based on land cover composition highlight 

how landscape design choices directly influence water demands. The methodology presented in 

this study would be extremely useful for regions that are currently being developed, especially in 

areas experiencing large population increases and master planned development. The ternary 

diagrams can be used to weigh design options, to better understand how selection of yard size, 

tree selection, and community parks and/or green spaces will influence water demands.  

Further, when establishing landscape guidelines and planning for urbanization of an 

area, it is important for planners to keep in mind the large role that trees play in changing ET 

rates. Educating the public and developers on proper tree selection for their climate could lead 

to major water savings. ET is extremely sensitive to tree parameters, specifically sapwood area 

and tree density; where the selection of low water use trees can significantly reduce ET, while 

high water use trees can significantly increase ET. With the large range of tree ET, trees can be 

used to control ET rates. For Los Angeles, conversion of all existing urban trees to water saving 

species would decrease water demands by 68 mm yr-1 (enough water to serve 445,000 

customers) while conversion of all trees to water intense species would increase water demands 

by 308 mm yr-1 (enough water to serve 2 million customers). While it is not realistic to replace 

all trees in Los Angeles, especially mature trees, this serves as an illustration of the potential 

impact tree selection can have on ET rates.   

Even though tree selection can have the largest impact on ET rates, replacement or 

reduction of turfgrass area in design has a more immediate impact on ET rates. Transplanting of 

mature trees poses many problems and is often unsuccessful. Thus, replacement of trees would 

be a long-term strategy in controlling water demands as it would take time for the tree to mature 

and fully develop its canopy to provide shading for grass. This is particularly important to 

consider for new developments, as planting of trees would result in evolving ET rates; where 

both sapwood area and tree canopy cover (shading) would increase over time.  

4.4.5 Application in other regions 

The methods developed in this could be applied in other semi-arid cities and would be 

particularly useful in cities experiencing high population growth and development. However, in 

order to transfer the approach, estimates of vegetation parameters and weather variables is 

required. While the availability of weather data is not likely to pose a problem, very few cities 
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have tree surveys such as the dataset provided by Nowak et al., 2010; and, for developing 

regions, it is unknown what trees will be planted in the future, unless there are standards limiting 

the selection of tree type. In the current study, we utilized tree species to estimate sapwood 

area. Thus, one potential solution for estimating tree parameters would be to assume a lower 

bound and upper bound for sapwood area and tree density; producing two ternary diagrams 

where ET for the actual tree parameters would fall somewhere between the two diagrams. This 

would provide planners with a range of potential rates of urban ET, instead of one value with a 

high level of uncertainty.  

In order to estimate actual ET based on existing land cover composition, a high 

resolution land cover dataset, such as the 0.6 m resolution McPherson et al. (2008) dataset, is 

also required. Currently, there is a paucity in the availability of such datasets, highlighting the 

need for continued research and development of land cover classification algorithms, especially 

in urban regions where the spatial heterogeneity of land cover exists at the sub-meter scale.  

4.5 Conclusion 

Land cover composition in urban regions is extremely diverse, resulting in variable ET 

rates within and between cities. In this study, the combined impact of impervious surfaces, 

irrigated trees, and turfgrass are evaluated using empirical models accounting for vegetation 

parameters and weather variables. Using the existing land cover composition, estimated 

vegetation parameters, and weather variables for Los Angeles, urban ET has increased when 

compared to natural ET rates; where turfgrass has the largest impact on ET rates, followed by 

impervious surfaces, then trees. In Los Angeles, any urban area composed of greater than 30% 

grass results in an increase in total ET while any area composed of greater than 80% 

impervious results in a decrease in total ET. However, in general, tree type has the ability to 

change ET rates the most, where a comparison of low water use trees to high water use trees 

resulted in a difference of 1,135 mm yr-1 in tree transpiration. Overall, it is shown that land cover 

composition, vegetation parameters, and weather variables are critical for understanding how 

urbanization affects ET rates, highlighting the need for high resolution land cover data and 

analysis of urban vegetation types.  
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CHAPTER 5  

CONCLUDING REMARKS 

The objective of this research is to improve understanding of how and to what degree 

urban land surfaces, water consumption practices, and conservation policies impact hydrologic 

fluxes in semi-arid Los Angeles, California. This was analyzed through three studies, each 

examining alterations to an individual hydrologic flux. The first study evaluated the response of 

streamflow to outdoor irrigation practices and water conservation policies by comparing pre- vs 

during-water conservation streamflow data in a natural and urban watershed. The second study 

applied a Bayesian Hierarchical Model to fill missing groundwater level data allowing for 

examination of land cover and water management impacts on recharge rates. The third study 

utilized empirical equations derived from in-situ measurements to analyze the effect of land cover 

composition and vegetation type on evapotranspiration rates. Based on the results from each 

study, the following science questions are addressed: 

Streamflow: Does irrigated land cover play a role in altering streamflow? How do 

irrigation practices alter streamflow dynamics? Can the influence of water conservation 

measures be observed in streamflow records? 

Streamflow records from an urban watershed and natural watershed were compared in 

CHAPTER 2. Based on the results, it is evident that irrigated landscape and outdoor irrigation 

practices have significantly altered both the timing and volume of streamflow in the urban 

watershed, Ballona Creek.  The occurrence of runoff ratios above one indicate that increased 

streamflow volumes are not solely caused by increased impervious surfaces, as there is more 

streamflow than precipitation. The primary mechanism allowing imported water to affect 

streamflow is most likely irrigation as comparison of pre- vs during-conservation found 

significant decreases in streamflow volumes during the summer and changes in timing on the 

daily and hourly time scales. Since conservation efforts primarily focused on decreasing outdoor 

water use, the significant decrease in dry season streamflow during-conservation in Ballona, 

indicate that prior to conservation efforts, heavy irrigation and other outdoor water use practices 

were contributing to streamflow. The difference between summer streamflow pre- vs. during-

conservation is enough to serve 160,000 customers in Los Angeles, meaning that large 

quantities of water were being wasted due to inefficient watering practices. This observable 

decrease in streamflow displays the potential for using streamflow records to monitor the 

efficacy of upstream conservation efforts. 
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Groundwater: Can imputation of missing groundwater data improve analysis of spatial 

groundwater fluxes? To what degree does land cover type alter spatial and temporal patterns of 

groundwater recharge? 

In CHAPTER 3, a Bayesian Hierarchical Model was utilized to impute missing data from 

an irregularly sampled groundwater level dataset with a high percentage of missing data. Model 

outputs were then used to create spatial maps and time series. Since the BHM imputes multiple 

values for each missing data point, error can be estimated for each pixel in the map due to not 

only imputing the missing data but also predicting the new locations. Results could then be 

analyzed to allowing for evaluation of land cover impacts on groundwater levels. Analyzing 

individual spatial grids allows for evaluation of land cover impacts on groundwater levels and 

quantification of differences in recharge rates. This can aid water managers and planners in 

understanding how land cover type impacts water resource availability. 

Evapotranspiration: Which land cover type has a larger impact on ET rates, impervious 

surface or irrigated landscape? How does the coupled increase in impervious surface and high 

irrigation rates in urban areas alter evapotranspiration (ET) rates?  What is the relation between 

land cover composition (%impervious, %irrigated) and increasing/decreasing ET?  

ET was estimated for actual conditions and for four scenarios using empirical equations 

based on in-situ measurements in CHAPTER 4. Results indicate that overall, irrigated 

landscapes have a greater impact on ET rates than impervious surfaces. More specifically, tree 

species had the largest impact on ET due to the large range in tree species transpiration rates.  

Results also displayed that shading of turfgrass leads to significant decreases in ET; thus, 

shading provided by trees and other structures should be considered when estimating ET.  

For Los Angeles, when using the estimated vegetation parameters for the city, it was 

discovered that turfgrass coverage altered ET rates the most, where any land cover composed 

of greater than 20% turfgrass resulted in increased ET rates. Also, based on actual land cover 

estimates in Los Angeles, it is shown that ET rates in Los Angeles have increased due to 

urbanization. Overall, results indicate that irrigated landscapes play a large role in altering all 

evaluated hydrologic fluxes, often having a greater impact than impervious surfaces. Thus, it is a 

crucial component to consider and quantify when studying urban regions.  

Additionally, the techniques used and relationships discovered in each chapter of this 

dissertation have various management implications which can aid both water managers and city 

planners in understanding how their policies can impact local hydrologic fluxes. As shown in 

CHAPTER 2, Los Angeles residents are wasting large quantities of water by overwatering their 

lawns; thus, water savings are possible by implementing water smart irrigation control devices 

that take into account both weather patterns and vegetation parameters. However, due to the 
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linkages between over irrigation and groundwater levels and streamflow, displayed in 

CHAPTER 3, if conservation becomes the new norm, decreased recharge rates and decreased 

streamflow must be taken into account by water managers when accounting for future water 

supply volumes. Additionally, in CHAPTER 4, we found that providing residents with 

recommendations of tree species with low transpiration rates and large canopies, would result in 

the dual benefit of decreased water demand from tree transpiration and decreased ET from turf 

grass due to shading. Overall, urban and master planners need to work in conjunction with 

water providers to provide recommendations to current residents and assure that future 

development of the city remains within the capacity of the water supply system.   

Urban hydrology is extremely complex due to the numerous alterations associated with 

development; thus, there are still large gaps in our knowledge. While this research displays the 

impact of irrigated landscapes, future work should focus on the impacts of artificial turf and 

xeriscaped landscapes, as they become more common. While these landscapes decrease 

irrigation rates leading to water savings, it has the opposite effect on energy demands, as 

irrigation provides evaporative cooling which can decrease air temperature and the urban heat 

island effect. Further, this work could be applied to other semi-arid cities; however, for that to 

occur, improved land cover estimates are needed. Rigorous analysis of urban areas requires 

high resolution land cover data due to the spatial heterogeneity of land cover types; yet, most 

cities do not have a dataset such as the high-resolution McPherson et al. (2008) land cover 

classification used in this study. Monitoring data of streamflow, groundwater levels, and weather 

parameters is also required; highlighting the need for more and improved data monitoring 

networks. While Los Angeles has been a major city for over a century, other cities continue to 

grow; monitoring of the changes that occur with the type and density of development will greatly 

improve our understanding of urban hydrology and the impact on local water resources.  
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