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Abstract 

ASSESSMENT OF THE HYDROLOGICAL IMPACTS OF HUMAN 

ALTERATION OF MARYLAND PIEDMONT STREAMS 

Istiak A Bhuyan 

The hydrologic regime plays a vital role in aquatic ecosystems. However, these 

systems are altered by land use change and anthropogenic climate change. Urbanization 

increases surface runoff and decreases infiltration, while climate change affects 

precipitation. This study assesses the degree of hydrological impacts to the Maryland 

Piedmont using stream gauge data from twenty urban to rural sites from 1980 – 2014. Eight 

sites show significant increasing trends using the Mann-Kendall test, although all but one 

sites show increases. At the same time, base flow appears to be steady for all sites or 

decreasing over time. Piedmont streams share many characteristics regardless of size or 

landcover. August is typically the driest month, while March is the wettest; Winter months 

tend to have the least variation in discharge, while Summer tends to have the most. All 

sites responded in the same way to annual climate variations; for example, 2002 was one 

of the driest years for all sites, followed by one of the wettest years in 2003. Although all 

sites experienced the same wet years, it appears that rural and urban sites experienced 

drought in different ways, with urban watersheds having the worst drought in 1998, while 

2002 was the driest on record for rural sites. Land cover had other effects as well. In 

general, urbanized streams have more flashy peaks in their hydrographs, and have a wider 

range of discharges but a lower median discharge than their rural counterparts. This 

research will be valuable to assess mitigation strategies in order to protect the ecosystem, 

infrastructure, and livelihood in the watershed where urban development is inevitable. 
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Chapter One: Introduction 

 

 

1.1 Introduction 

Increasing human populations affect the natural environment by changing land use 

and increasing impervious surfaces (Graf, 1999; Poff et al., 2007). These changes 

drastically alter biological, geomorphic, and hydrologic processes (Kalnay, 2003, Wilk et 

al., 2001, Ring and Fisher, 1985). DeFries (2004) stresses the importance of assessing the 

effects of land cover change on streamflow because streamflow has control over other 

abiotic and biotic elements. Streamflow shapes the physical structure of the bed, banks, 

and floodplain of the stream, and affects the habitat and functioning of aquatic ecosystems 

(Leopold et al., 1992). The structure and function of aquatic communities largely depend 

on the hydrologic processes (Poff and Ward, 1989; Sparks, 1992). Data on the volume and 

variability of streamflow is needed to assess the condition of the natural hydrologic regime. 

Human activities commonly affect the flow patterns, velocities, and other hydrologic 

attributes of streams. These changes are often adverse. For example, drastic alterations in 

streamflow magnitude and frequency can degrade critical aspects of the streams’ physical 

habitat (Bain et al., 1988). Increased watershed imperviousness is responsible for changes 

in flood frequency (Brath et al., 2006, Tollan, 2002), severity (Tollan, 2002), base flow 

(Wang et al., 2006), and mean annual discharge (Costa et al., 2003). Variability in 

precipitation, temperature, and evapotranspiration rate (Trenberth, 2011; Vörösmarty et al., 

2000) can also change peak flows, flow routing times, and runoff volumes (Changnon and 

Demissie, 1996). 
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Understanding of the impacts of long-term climatic events and human alteration on 

the hydrologic regime of the Maryland Piedmont is imperative. It affects the ecological, 

economic, and water supply of the region. Most studies look at trends in hydrologic data; 

only a few tried to identify the contribution of either climatic variability or human 

alterations (Li et al., 2007a; Ma et al., 2008).  The objectives of this study are to develop a 

generalized profile of streamflow characteristics of Maryland’s Piedmont region and 

identify the effects of human alterations. A set of indicators will be established to assess 

the current condition of selected Piedmont streams. The Mann–Kendall rank correlation 

coefficient (Mann, 1945; Kendall, 1975) will be used to evaluate the streamflow trends 

within the region. The combination of the indicators and trend analysis will be used to 

analyze the adverse effects of human alterations on the streamflow. 

 

1.2 Climatic Variability 

Over the past 30 years, Maryland has become wetter and hotter, resulting in more 

runoff and longer heat waves (MDNR, 2014)  More precipitation in the winter and spring, 

less rain in the summer, and more frequent and intense storm events are projected for 

Maryland. This will result in more frequent  floods  and droughts (MDNR, 2014). The 

increased likelihood of summer drought will affect stream ecosystems, which may lead to 

increased demand for irrigation and result in drinking water shortages. Distress in 

precipitation and temperature can drive long-term trends of increasing or decreasing stream 

discharge. Cyclical changes in climate such as the North Atlantic Oscillation (NAO) or El 

Nino are often overlaid (Massei, 2008, 2009; Bradbury et al., 2002) with these trends. 
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These drivers act together to yield day to day weather and ultimately help to determine the 

temperatures and amount of precipitation that falls on the basin scale. 

 

 

Climatic factors such as precipitation and temperature, along with anthropogenic 

activities, such as irrigation, dam construction, and land use change can affect streamflow. 

The impact of these factors is quite extensive but remain poorly understood (Sun et al., 

2008; Praskievicz and Chang, 2009). The International Panel on Climate Change (IPCC) 

Assessment Reports (Watson et al., 1996; McCarthy et al., 2001; Parry et al., 2007) 

examined the effects of climate change on stream flows. Other examples including George 

(2007), Lu and Jiang (2009), Rossi et al. (2009), Timilsena et al. (2009), Liu and Cui 

(2011), Zhang et al. (2011), and Bell et al. (2012); who also tried to explain how the 

climatic changes at regional scale impacts the natural streamflow variability. 

1.3 Land Use Change 

Land use/ Land cover change is one of the most visible ways to observe the human 

impact on nature and is more visible at the watershed scale than at regional scales. As the 

human population and economy continue to expand, we are changing more of the Earth’s 

surface. Non-linear relationships, multi-faceted causality, and a lack of understanding of 

the hydrologic response complicate separating the effects of human alteration from climatic 

variation (Tollan, 2002). Juckem et al. (2008) studied a small watershed in Wisconsin and 

found that the timing of hydrologic changes coincided with changes in precipitation. 

However, the magnitude of base flow and stormwater runoff were amplified by changes in 
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agricultural land management. Naik and Jay (2011) tried separating the human and climatic 

influences on the Columbia River hydrologic cycle. They examined records since 1858 to 

analyze human influences concentrating different usage including irrigation withdrawals, 

flow regulation, reservoir management, mining, and deforestation. Zhang et al. (2011) used 

a combined statistical and water-balance approach to separate the impact of climate 

variability on annual streamflow of a river basin from those by human activities. 

 

1.4 Hydrologic Effects of Land Use 

Changes in land use significantly impact the volume and speed of surface runoff. 

Vegetative cover captures most of the precipitation through interception and infiltration, 

even more in evapotranspiration by the trees (Hough, 1986). Open lands, such as a pasture 

or cultivated land, allows less infiltration than a forest area and is often more prone to 

runoff and overland flow, which can quickly transport exposed soil from cultivated fields. 

Impermeable surfaces (i.e. roofs, parking lots, and roads) allow no infiltration, forcing all 

water that falls on them to run off. Changes in land cover within a watershed can have 

dramatic effects on stream discharge and response to storms, either increasing total yield 

and increasing the incidence of flash floods, or decreasing and smoothing the hydrograph 

(Zheng, 2008). Humans also have intervened in the natural process by regulation of flows, 

building dams (Graf, 1999; Poff et al., 2007; Biemans et al., 2011), excessive withdrawals 

(Gerten et al., 2008), and land use change (Piao et al., 2007).  These changes lead to a 

drastic variation in the magnitude and timing of stream flow and are instigating the decline 

in the health of aquatic ecosystems (Carlisle et al., 2011; Poff and Zimmerman, 2010). In 

some areas, water supplies have become severely stressed (Vörösmarty et al., 2000; 
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Alcamo et al., 2003). While most studies primarily focused on trend detection (Yu et al., 

2002; Burns et al., 2007; Novotny & Stefan, 2007) or emphasized extreme water conditions 

such as flooding and drought (Lehner et al., 2006). However, relatively few papers have 

considered changes the entire flow regime, including the characteristics of flow variation, 

magnitude, timing, frequency, duration, and rate of change. Numerous studies have 

examined the impact of land use, withdrawals, dams, and/or climate change on streamflow 

or water resources over vast, diverse (regional, continental, or global) domains. They were 

primarily focused on irrigation withdrawals (Döll et al., 2009; Biemans et al., 2011), 

climate change (Arnell, 1999; Thompson et al., 2005), anomalies (McCabe and Wolock, 

2010, Piao et al., 2007) on streamflow and surface runoff. These studies have mostly 

focused on the specific element of global change (i.e. withdrawals, land use, or climate) 

rather than the relative and combined effects. Moreover, the impacts of urbanization have 

been largely left unstudied at this global scale. 

 

1.5 Research Objectives and Questions 

To assess the specific hydrologic attributes of a stream affected by human activities, 

in-depth knowledge of hydrologic responses is  required. Stream gauge data collected by 

the U.S. Geological Survey (USGS) is one of the primary sources to evaluate natural flow 

characteristics and quantify the alterations made by human influences. Daily stream data 

can also play a significant role to identify streams at risk for biological impairment from 

the loss of aquatic habitat. Analysis of streamflow has led to the identification of important 

temporal and spatial variations, but the availability of high-quality data (Dai and Trenberth, 

2002) remains a principal limitation in streamflow studies. Human interventions and local 
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non-climatic factors can also obscure the responses of catchments to 20th-century climate 

change (Bates et al., 2008). In addition to anthropogenic alterations, future changes in 

climate will likely further impact natural streamflow (Karl et al., 2009; Bates et al., 2008). 

 

Most studies used streamflow as a driving force (Poff, 1997) of stream health and 

ecology (Richter, 1997), focusing on spatial and temporal variation in the natural flow 

regime (Stanford, 1996). Development projects such as dams, hydraulic power plants, and 

bridges alter the natural flow (Ward, 1997; Dynesius and Nilsson, 1994) of the stream and 

have environmental (Rosenberg, 1995) and ecological impacts (Johnson, 1998).  On a 

watershed level, such impacts on hydrologic processes are reflected in fluctuations of the 

natural flow, which in turn have ominous effects on the ecosystem and environment. A 

better understanding of the effects of land use change on watershed processes has become 

a crucial issue for the sustainable development, planning, and water resources management 

(Potter, 1991; DeFries, 2004). Although studies have identified the impacts of structures 

such as dams and mills in Maryland (Allen, 2012), there is little information available about 

the changes in streamflow patterns associated with changes in land use in Piedmont 

Maryland. This study aims to examine the hydrologic responses to land use changes by 

comparing streams at a different level of imperviousness (rural and urban streams). The 

main research questions of this study are: 

I. What are the general characteristics of streamflow in the Piedmont region of 

Maryland? 

II. How has human alteration of the landscape affected streamflow over time? 
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This study seeks a better understanding of hydrologic processes, including flow 

patterns and annual trend. It will strive to measure how the natural flow regime is changing 

due to land use changes. Results of this study may equip us to prepare for sustainable 

development, policy changes, and climate change adaptation in the future. 

 

1.6 Study Area 

Maryland, which covers 10,460 square miles, lies between 37°53' and 39°43' north 

latitude and between 75°04' and 79°29' west longitude. It is known as “America in 

Miniature1,” because it spans several physiographic provinces. Maryland’s elevation 

increases gradually from the Atlantic Ocean across the Coastal Plain to the Fall Line, where 

it rises rapidly through the Piedmont region (Figure 1) to the ridges of the Appalachian 

Plateau, climaxing in the Highlands of the Allegheny Plateau. Streams have rapid flow 

with a relatively steep gradient in the Piedmont and Appalachian Provinces. Numerous 

rapids and gorges offered opportunities for hydropower development, particularly adjacent 

to the fall line. This source was utilized locally by the early grain and grist mills. However, 

the present potential for hydroelectric power has declined (Vokes and Edwards, 1974). 

                                                           
1 According to DiLisio (2004), the author of this moniker is unknown. 



8 
 

Figure 1: Map of the Maryland Piedmont 

 

 

Mill dams in the area can increase the rate of erosion (Walter and Merritts, 2008). 

Sediments from early agricultural activity accumulated in the reservoirs of 18th & 19th 

century mill dams. Later, when these dams were abandoned, they frequently breached, 

leading to the entrainment of the stored ‘legacy’ sediments (Merritts et al., 2011). The 

mobilization of legacy sediments is mostly associated with larger flows, which tend to be 

seasonal and increasingly associated with urbanization (Allen, 2012). 

1.7 Structure of the Thesis 

This thesis contains six chapters.  Chapter 1 begins with the Introduction and 

Research Question. Chapter 2 reviews the previous scientific literature on the impact of 
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climate change and land cover change on water resources, with an emphasis on current 

observations and future projections. This chapter will also review statistical methods for 

identifying trends in hydrologic time series. Chapter 3 examines stream discharge data for 

twenty sites using various statistical analyses such as flow duration analysis to compare 

urban and rural watersheds. By substituting space for time, I am able to assume the effects 

of urbanization over time by looking at watersheds that have different levels of 

urbanization right now. Chapter 4 uses time series analysis to look for trends in stream 

hydrology due to increasing urbanization over time. Finally, Chapter 5 will discuss the 

main research findings and outcomes, while Chapter 6 will finish the thesis with the 

conclusions, limitations, and suggestions for future research in the Maryland Piedmont.  

 

  

1.8 Summary 

Streamflow is considered a critical factor in stream health and aquatic ecology, but 

it is not measured for the majority of rivers. The Appalachian Piedmont is an important 

geological province in the eastern USA that is rapidly urbanizing and home to several 

major cities and millions of people. Understanding the hydrologic cycle in the Piedmont 

and how human alteration influences it is essential to the future sustainable development 

of the area. This study will bridge the information gap between scientists and resource 

managers to determine where and when altered flows are a potential cause of poor stream 

health. This study will try to establish new statistical models for evaluating and predicting 

flow alteration using the river gauging network data and land use/land cover across broad 

geographic areas. 
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Chapter Two: Literature Review 

 

 

 

2.1 Introduction 

This chapter summarizes the literature on streamflow, climatic variability and water 

resources, hydrologic observations, trend analysis, and the impact of human alteration. The 

objective is to provide a comprehensive summary of recent approaches, identifying 

research gaps within the study area. The chapter begins by focusing on the importance of 

streamflow to humans and aquatic ecosystems. Then it provides the summary of how 

climatic variability stresses water resources and how to establish a general hydrologic 

profile of the region. Trend detection techniques applied in hydrologic analysis follows and 

finishes with a summary of the literature studied and how this thesis adds to the literature. 

2.2 Streamflow 

Stream flow is a primary source of fresh water and is indispensable to the health of 

the aquatic ecosystems and the natural flow regime. Humans have intervened the natural 

process by regulating flows, building dams (Graf, 1999; Poff et al., 2007; Biemans et al., 

2011), excessive withdrawals (Gerten et al., 2008), and land use/cover changes (Piao et al., 

2007). These changes lead to a drastic variation in the magnitude and timing of streamflow, 

which instigates the decline in aquatic ecosystem health (Carlisle et al., 2011; Poff and 

Zimmerman, 2010). The resulting water supplies have become severely stressed 

(Vörösmarty et al., 2000; Alcamo et al., 2003) in some areas. Most studies focused on trend 

detection (Yu et al., 2002; Burns et al., 2007; Novotny & Stefan, 2007), emphasizing the 
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extreme water conditions such as flood and drought (Lehner et al., 2006). However, very 

few studies consider changes to the entire flow regime.  

 

 

Land cover change alters the vegetative coverage, surface roughness, 

evapotranspiration, and subsequently, the runoff response of the watershed (Costa et al., 

2003). Additionally, it leads to increases in water demand (municipal, industrial, and 

recreational purposes), changes the drainage network and the physical environment, and 

upsurges waste disposal is ensuing stress to streams and aquifers (Lindh, 1972). 

Precipitation events also trigger the intensification of runoff as imperviousness increases 

due to urbanization (Tang et al., 2005; Harbor, 1994; Costa et al., 2003; Galster et al., 2006; 

Kim et al., 2001; Siriwardena et al., 2006). Paved surface lessens infiltration and the time 

to peak (Simmons and Reynolds, 1982, Descroix et al., 2011; Ng and Marsalek, 1989; 

Nagasaka and Nakamura, 1999). Increase in urbanization can impact base flow due to 

drops in groundwater recharge rates (Harbor, 1994; Brun and Band, 2000; Rose and Peters, 

2001; Ott and Uhlenbrook, 2004) leading to lower stream flows during the dry season (Cuo 

et al., 2009). 

Physical characteristics of the watershed (topography, soil, and vegetation), climate 

and human activities heavily influence the hydrologic processes. Climate Change and other 

water-related issues have rendered the necessity of studying changes in these processes. 

Human activities are responsible for intensifying climate change and land cover changes 

(Scanlon et al., 2007) resulting the stress in a global hydrologic cycle in recent years 
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(Brutsaert and Parlange, 1998). On the other hand, land cover changes, such as 

deforestation or afforestation, have led to increased or decreased stream flows in different 

areas (Fohrer et al., 2001; Brown et al., 2005). Land use/land cover (LULC) change affects 

both human and physical environments and plays a fundamental role in various 

environmental and socioeconomic applications from local, regional, to global scales 

(Vitousek 1994; Foody 2002). LULC change has considerable impacts on streamflow and 

non-point source pollution (Bhaduri et al. 2000). With limited water resources and 

continuing development, sustainable management strategies of streams are important to 

prevent a water crisis. Many studies have tried to understand the influence of human 

activities and climate change (Chiew and McMahon, 2002) on natural hydrological 

processes. Some of them apply different models to analyze the responses of indicators to 

various watershed scenarios. Although the hydrological model is a powerful tool for such 

research, the results of studies have numerous uncertainties caused by shortcomings in the 

structure, limited time series data, parameter calibration, and scale problem coupled with a 

hydrology model (Zhang et al., 2011). 

 

2.3 Water Resources and Climate Change 

The Sun drives the climatic system and the hydrologic cycle. Both are intrinsically 

linked so that a change in one can induce a change in the other due to their in-depth inter-

connection (Kundzewicz, 2004). However, greenhouse gas emissions and land use changes 

have altered the energy balance (Forster et al., 2007, IPCC, 2008). Anthropogenic 

greenhouse gasses emission is a very probable cause of the rise in global surface 

temperature over the course of the 21st century (IPCC, 2007a), and it is estimated that 
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global mean surface temperatures have increased by 0.74°C ± 0.18° C (linear trend) over 

the last ~100 years (1906-2005) (Trenberth et al., 2007). It is expected that a warmer 

climate will lead to increases in evaporation and a higher specific humidity resulting in an 

intensification of the hydrologic cycle (Huntington, 2006).  

 

 

A changing climate also has the potential to affect the intensity, timing, and 

frequency of precipitation events and their translation into the surface runoff (Bates et al., 

2008). Based on location, these projected changes can have both positive and adverse 

effects. Changes in precipitation can be more variable than temperature, as precipitation is 

very site-specific and profoundly influenced by not only topography but also by local and 

regional atmospheric patterns (IPCC, 2007a). Thus, precipitation changes will not be 

translated linearly into hydrologic changes (infiltration or surface runoff), as these again 

depend on the catchment characteristics.  

On a global scale, Maryland is considered to have a relatively low stress level with 

respect to the projected ratio of water withdrawals to water availability under the higher 

emissions (A2) scenario for 2050. As the Advisory Committee on the Management and 

Protection of the State’s Water Resources noted in 2004, Maryland has enough water to 

meet present and future needs. However, the current projections indicate that flooding will 

increase: 100-year floods will increase by 10-20 %, and 10-year storms will increase by 

16-30% in recent years. There is a greater probability that more intense rain and 

windstorms will hit Maryland as ocean waters warm up, accompanied by higher storm 
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surges. Increased frequency and variability of extreme rainfall may lead to flooding, 

surface runoff, and high energy flows, impacting water quality, stormwater infrastructure, 

and water and wastewater treatment infrastructure. Therefore, due to this nonlinearity, 

possible changes can have both positive and adverse effects on the hydrologic system (and 

no effects at all) depending on the sign, magnitude of the modification and the geographical 

location. For example, a higher temperature can result in increased evapotranspiration with 

increased atmospheric water-holding capacity. It can cause water loss from the soil surface 

(Dai et al., 2004) or create stress on growing demand for potable water for domestic or 

agricultural use. Whereas an increase in the magnitude of a rainfall event has the potential 

to cause damaging floods or increased erosion and might adversely affect water supply 

systems and water abstraction due to decreased water quality, high turbidity, and disrupted 

systems. 

 

Localized information on possible future impacts is needed, to anticipate changes 

and to devise appropriate adaptation measures, to reduce exposure or develop coping 

strategies. At the local scale, the greatest uncertainties and challenges exist for identifying 

climate change indications (Stott et al., 2010) and modeling future impacts (Milly et al., 

2005; Nohara et al., 2006). Hydro-climatic information and historical records from 

monitoring networks have always played an important part in decision-making in water 

management, especially in planning and operating water resource systems. However, with 

anthropogenic-induced climate change and the possibility of experiencing new or changing 

hydro-climatic conditions, alternatives in addition to the traditional approaches to water 

resources planning and management are needed to adapt successfully to these anticipated 
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changes. Long-term hydrologic observations will always play a major role in providing 

data for detecting and quantifying changes along with possible trends, hydrologic 

modeling, evaluating projected future conditions and appraising possible adaptation 

strategies for sustainable planning and decision-making. 

 

 

2.4 The Role of Hydrological Observations 

Any climatic changes are more likely to result in impacting the physical 

environment especially the hydrologic cycle. It may trigger stress in water availability for 

municipal and industrial use, changes in water demand for irrigation, quality water 

deterioration, higher surface runoff of stormwater and wastewater, or sea level rise. Long-

term historical records are more beneficial to hydrologist rather than short time records 

because they are not influenced by any noise or natural variability (Cohn and Lins, 2005). 

Evaluating the historical data as time series analysis is beneficial because of: (1) 

understanding of natural variability; (2) developing accurate representations of streamflow, 

and (3) establishing a baseline for model development. It will also help to determine the 

changes in hydrologic cycle, the forecast of future stress, and sustainable design too for 

water quality, aquatic ecosystem protection, and flood hazard mitigation. In the context of 

changing climatic conditions, such measurements can provide critical information for 

understanding variability within observations, the detection, and attribution of emerging 

climate change signals (Burn et al., 2012). 
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Observational hydrologic data has always played a major role in appraising 

decisions in water resource sector to assess different planning options. For example, past 

hydrologic records have been used to provide information about future water availability 

and to design water infrastructure considering other factors including current and expected 

water demand increases due to population growth. Traditionally according to the principle 

of stationarity, water resource systems have been developed based on historical hydro-

climatological information. Assuming that streamflow will remain unaffected in future, 

with some inter-annual or inter-decadal variability. In hydrology, stationarity refers to the 

perception that stream flow varies within static lower and upper bounds, defining the 

maximum variability extent (Milly et al., 2008). However, if climate, the main driver of 

the hydrological cycle is changing, this assumption of stationarity may no longer be valid. 

Moreover, additional information on whether and how the hydrological system is changing 

is needed. In hydrologic data, changes in time series can affect all parts of the flow regime. 

For example, the high, mean, and low flows, and the timing and frequency of streamflows 

of a certain magnitude. Such changes may be evident themselves as a gradual change over 

time, which can occur as a linear change, as several smaller step changes or in a curved 

manner (Hirsch et al., 1991; Kundzewicz & Robson, 2004).  Step changes/regime shift as 

rapid change of the magnitude of trend at one change point or multiple points in the time 

series or oscillations with or without period clusters can also happen, as they are presented 

in the time series as shown in Figure 2. 
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Figure 2: Time series with possible characteristics of a) trend, b) oscillation, c) regime shift or    

d) noise (Omstedt, 2005) 

 

Evaluating records of an existing monitoring network for hydrologic research is 

indispensable. Many studies have established and used data for the determination of the 

effects of climate variability and changes in hydro-climatic variables (Birsan et al.; 2005, 

Hannaford & Marsh, 2006, 2008; Hodgkins & Dudley, 2006; Khaliq et al.; 2008, 2009; 

and Hannaford & Harvey, 2010). Burn et al., (2012) showed that only ~30% of the studies 

used data from pristine catchments or near-natural catchments with limited disturbances 

such as land use change or water abstractions. The benefit of using data from an active 

network is that it can be analyzed for long-term trend as the time-series has reached an 
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appropriate length for any analysis to be statistically significant. An inadequacy of such an 

approach is that these networks were often established for observational purposes other 

than hydro-climatic extreme events (Burn et al., 2012). Depending on the purpose, some 

parts of the flow regime will have better accuracy than others. Therefore, only a few 

hydrologic monitoring stations perform well across the entire range of flows (Hannaford 

& Marsh, 2008). Consequently, the quality of data might not be ideal for the purpose of 

monitoring an anthropogenically induced climate change signal. As a result, a rigorous 

quality control process, including meta-data information for the time series used should be 

recommended (Kundzewicz & Robson, 2004). Moreover, only appropriate data should 

include for further analysis. Such a thorough selection process of measuring stations and 

their associated time series can limit the number of usable sites and might affect the 

coverage if the regional analysis performed, and spatial representativeness of study sites 

over large areas is needed. A reference hydrologic dataset can provide quality-controlled 

data sets for the detection of climate-driven changes in streamflow. Therefore, some 

countries have specifically assigned stations to such networks, to allow the assessment and 

identification of such changes. The networks consist of either existing and/or new 

hydrologic monitoring sites or have capitalized on existing sites for monitoring and 

detection of climate-driven trends in hydro-climatic records. Examples of these reference 

networks include the Hydro-Climatic Data Network (HCDN) in the USA (Slack & 

Landwehr, 1992), Canada’s reference the Hydrometric Basin Network (RHBN) (Harvey 

et al., 1999), and the UK Benchmark Network (Marsh, 2010). 
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However, to analyze for a better understanding of general characteristics and trend 

in hydrologic data, other climatic indicators should also be analyzed. Alexander et al. 

(2006) investigated global changes in temperature and precipitation extremes and reported 

statistically significant changes in minimum temperatures and precipitation, although with 

less spatial coherence for the latter. Precipitation changes differ in magnitude a from region 

to region, reducing the global average change (Zhang et al., 2007). Therefore, the regional 

analysis is more applicable. Osborn & Hulme (2002) analyzed precipitation patterns in the 

United Kingdom from 1961 to 2001 and found daily precipitation tends to become more 

intense in winter and less intense in summer. These findings are also supported by an 

updated analysis of the data up to 2006 (Maraun et al., 2008). Based on the historical 

records from the HCDN of the USA, large-scale increasing trends in low flows were 

reported for the Midwest region (Douglas et al., 2000), while McCabe & Wolock (2002) 

were able to detect increasing streamflow for annual minimum flows and annual median 

flows in the eastern USA. In the Canadian Prairies, an influence of the temperature change 

on low streamflow in catchments with natural flow regimes was found, resulting in a 

declining streamflows from 1912-1993 to 1969-1993 (Yulianti & Burn, 1998). A later 

study on the timing of low flows in the RHBN up to the year 2003 showed that the majority 

of streams experienced trends indicating a shift towards earlier occurrences of winter low 

flow, whereas no predominant signal of earlier or later summer low flows could be detected 

(Ehsanzadeh & Adamowski, 2010). A pan-European study by Stahl et al. (2010) on low 

flows confirmed more recent national and regional trend studies, with increasing trends in 

winter and decreasing low flows for the regional low flow periods for most of the 

catchments investigated, especially in southern parts of Europe. 
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2.5 Trend Analysis 

The hydro-climatic system is very complex in nature and requires an enhanced 

understanding of complicated time and space variations. To evaluate the trend in a 

hydrologic data series, it is important to consider the characteristics of data such as length 

and distribution, the structure of the data, the possible existence of monotonic or step trend, 

and seasonal fluctuations (Cluis et al., 1989). Some of the widely used trend detection 

techniques in hydrologic research are the Monte Carlo Simulation (Yue et al., 2002), 

bootstrap method (Douglas et al., 2000; Di Stefano et al., 2000; Chingombe et al., 2005), 

and regression analysis (Svensson et al., 2005; Shao et al., 2010; Timofeev and Sterin, 

2010). Most of the climatic phenomenon exhibits non-stationary characteristics with non-

normal distribution (Hirsch and Slack, 1984; Lattenmaier, 1988) and seasonality 

(Kundzewicz and Robson, 2004). They display some autocorrelation, and they are not 

independent. Therefore, a strong statistical test is essential in hydrologic research which 

will provide reliable result even if the data exhibits non-normal distribution or skewed 

without much manipulation. Based on the historical records, a non-parametric statistical 

analysis is performed in this study. The Mann-Kendall (MK) test which is a non-parametric 

test does not have any assumption on how the data is distributed (Yue et al., 2002). 

 

The Mann-Kendall (Mann, 1945; Kendall, 1975) test is a rank-based non-

parametric test. It assesses the randomness (Zhang et al., 2001; Déry and Wood, 2005; 

Kallache et al., 2005; Zume and Tarhule, 2006, Burn et al., 2010) of data against the 

existence of monotonic trend or not (Yue et al., 2003). The MK test is extensively applied 

in trend detection for hydro-climatic parameters because of its resilience to the skewed 
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distribution, missing or null values, and outliers (Lins and Slack, 1999; Partal and Küçük, 

2006). As the MK trend analysis is a rank-based test, it emphasizes more on the order of 

the rank rather than actual values. Thus, if there is missing values or outliers, the result 

would be affected much. It also produces significant results if there is a break in data series 

(Lemaitre, 2002; Chaouche et al., 2010). The MK test is deemed to be more applicable if 

the changes are gradual in nature (Chaouche et al., 2010).  However, using the MK test is 

not always ideal. For normally distributed data, the Monte Carlo simulation (Önöz and 

Bayazit, 2003) and bootstrap based slope test (Yue and Pilon, 2004) yields better results 

regardless of their linearity.  When analyzing trends in hydroclimatic time series, not only 

is it imperative to check for the trends but also how these changes oscillate within different 

time scales (e.g. intra-annual, inter-annual, decadal events). A traditional tool that has 

frequently been used to detect oscillatory signals is the Fourier Transform (FT), which uses 

sine and cosine basis functions. The FT provides time-averaged results and extracts details 

from the signal frequency but loses its temporal information (Drago and Boxall, 2002). As 

a result, the location of the frequency within the signal cannot be identified (Oh et al., 

2003). Fourier analysis is more suited if the stream has low fluctuations and is often 

stationary (Labat 2005). 

 

With the advantages of robustness and widely accepted in the scientific community 

for hydrologic research, applying MK test is not always ideal. If the dataset presents serial 

correlation that may lead to misleading results. Serial correlation may very often present 

in hydrologic data, and it may exhibit a significant trend when are is absent of a significant 

trend (Hamed and Rao, 1998; Partal and Küçük, 2006). Another common issue with the 
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MK test is identifying the slope after trend detection.  Even though the slope may be 

negligible in magnitude, but it exemplifies the dissimilarity of statistical and practical 

significance. A trend can be statistically significant but may not have any practical meaning 

and vice versa (Yue et al., 2002). Ancillary information and judgment must be taken into 

consideration to interpret the results that are both statistically and practically significant.  

 

 

2.6 Summary of the Literature Review  

The literature review in this chapter originates with an overview of stream flow and 

how it is essential to both human society and aquatic ecosystems. The two principle forces 

causing the changes in the pristine condition are either human activity or climate change 

(Figure 3). Then it explores the possibilities, current research, and the challenges associated 

with the analysis of long-term hydrologic data to identify direct human alteration of stream 

flow or climate-driven trends. There appears to be no research asserting that either human 

alterations or climate change is more responsible for the current state of river systems, as 

they are reciprocal. So, it can be said that human-induced land use change impact the 

climate, and the climate acts as an active agent for streamflow changes. 
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Figure 3: Conceptual Relationship between Human Alteration and Changing Climate Impacting 

Streamflow 

Since rapid climate change and anthropogenic activities heavily influence the 

management of water projects, it is essential to better understand the effects of these two 

major factors on hydrologic processes. Based on the literature studied, empirical indicators 

will be developed to quantify the degree of change in streamflow variation within Piedmont 

Maryland. For change detection, trend analyses of historical observations are widely 

applied. And the Mann-Kendall test will be applied for trend detection in this study. This 

study explores how low flows and other empirical indicators impacted the water resources 

and may have changed due to climatic influences in Piedmont Maryland. 
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Chapter Three: Hydrologic Response of Maryland Piedmont Streams to 

Urbanization and Land Cover Change  

 

 

 

3.1 Introduction 

The objective of this study is to establish a hydrologic profile of the Piedmont in 

Maryland to determine the variability of the natural flow regime. This study plans to 

proceed in two steps to disentangle the impacts of urbanization from climate change on 

stream hydrology.  The first goal is to establish the hydrologic profile by characterizing the 

natural flow regime of Piedmont area. The second goal is to identify a set of indicators that 

can assess the potential impact of human alteration on streamflow. This study will provide 

a comprehensive understanding of hydrologic processes, including flow patterns and 

annual trend. It will also attempt to measure how the natural flow regime is changing with 

human alteration and land use changes within the region. It will be useful to assess the 

baseline condition for future development projects and policy making. 

3.2 Methods 

3.2.1 Selection of Gauging Stations 

This study uses the daily mean discharge for USGS stream gauge stations in the 

National Water Information System (USGS, 2001). The stations are located within the 

Maryland Piedmont and were selected using the following criteria, which was adapted from 

Murphy et al. (2013).  
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 Good and consistent hydrologic data quality (predominantly at extreme flow 

ranges) 

 Near-natural flow regime - zero or stable water abstractions and discharges (impact 

less than 10% of flow at or more than Q95) 

 Long record length (minimum 15 years) 

 Stations must be representative of the hydrologic conditions within the Maryland 

Piedmont with good geographical coverage 

 

The gauges are located upstream of dams so that they are not influenced by them. 

This study uses data from the years 1981–2014, where a water year extends from October 

1 to September 30 (Gordon et al., 1992). The data series ideally need to be free from any 

other artificial influences for better results. Based on the selection criteria described above, 

twenty stream gauges were selected. They vary in level of urbanization and range in size 

from 0.07 to 143 km2 (Table 1). These stations can be used to monitor and detect climate-

driven trends in all ranges of the streamflow regime. 
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Table 1: List of stream gauges 

Gauge 

ID 

Stream Name 

Drainage 

area (km2) 

Years of 

record 

No. of 

years 

Imperviousness 

(%) 

1583580 Baisman's Run at Broadmoar MD 3.91 1999-2014 16 0.5277 

1586210 Beaver Run Near Finksburg 36.39 1982-2014 33 1.8927 

1581960 Beetree Run at Bentley Springs 25.1 1999-2014 16  

1589330 Dead Run at Franklintown 14.3 

1980-1987, 

1998-2014 

25 35.425 

1589100 East Branch Herbert Run at Arbutus 6.35 

1980-1989, 

1998-2014 

27 34.183 

1581870 George's Run Near Beckleysville 41 2000-2014 15 0.8106 

1581830 Grave Run Near Beckleysville 19.94 2000-2014 15 0.1284 

1581810 Gunpowder Falls at Hoffmanville 70.58 2000-2014 15  

1589197 Gwynns Falls Near Delight 10.46 1998-2014 17 16.340 

1589238 Gwynns Falls Tributary at Mcdonogh 0.07 1999-2014 16 0.01 

1585104 Honeygo Run Near White Marsh 6.14 1999-2014 15 10.638 

1589440 Jones Falls at Sorrento 67.1 1996-2014 19 5.4096 

1584050 Long Green Creek at Glen Arm 24.33 1980-2014 35 1.1577 

1585230 Moores Run at Radecke Ave At Baltimore 9.1 1996-2014 19 28.274 

1585095 N. Fork Whitemarsh Run Near Wt Marsh 3.37 1992-2009 18 24.564 

1586000 North Branch Patapsco River at Cedarhurst 143.86 1980-2014 35 2.5850 

1583100 Piney Run at Dover 31.98 

1982-1988, 

1996-2014 

26 0.9786 

1589340 Rognel Hgts Storm Sewer Outfall at Baltimore 0.06 1998-2010 13 35.3723 

1585200 W. Branch Herring Run at Idlewylde 5.65 

1980-1987, 

1996-2014 

27 23.469 

1585090 Whitemarsh Run Near Fullerton 6.98 1995-2014 20 26.7446 
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3.2.2 Construction of Streamflow Indicators 

Streamflow records were analyzed over the period of 1980-2014 for the twenty 

stations that met the criteria. It is desirable to work with a complete dataset in order to 

assess changes in the flow patterns. However, some stations contain data gaps with missing 

flow measurements. Anthropogenic changes to the hydrologic regime are not expected to 

be evenly distributed spatially or temporally. 

 

 

 

 

 

Thirteen indicators of the flow regime were carefully selected from the literature 

and grouped into two categories: Graphical and Statistical (Table 2). These indicators will 

be used to compare the selected streams at different time periods. The four graphical 

indicators will establish the general hydrologic character of the flow regime, and include: 

Hydrograph, Mean Monthly Discharge, Flow Duration Curve, and a Base Flow Index 

graph.  The nine statistical indicators include measures of the percent impervious land 

cover, as well as the minimum and maximum discharge values over one to 90-day periods. 

Table 2. Indicators used in this study. 

Statistical Indicators 
 Mean Annual Discharge  

 High-Flow Index 

 Low-Flow Index 

 Base Flow Index 

 1-day min/max ratio 

 7-day min/max ratio 

 30-day min/max ratio 

 90-day min/max ratio 

 Percentage of Imperviousness 

Graphical Indicators 
 Hydrograph 

 Mean Monthly Discharge 

 Flow Duration Curve  

 Base Flow Index 
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3.2.3 Graphical Indicators 

3.2.3.1 Hydrograph 

A hydrograph displays the discharge of a stream over time. It is one of the simplest 

ways to graphically represent the complex dynamics of the watershed by a single curve.  

The interaction between watershed characteristics and storm events shapes the discharge 

hydrograph. The volume of the runoff over a time interval is equal to the area under the 

hydrograph. The structure of the hydrograph is highly influenced by the storm events and 

physiography of the watershed. In general, the rising limb is often shaped by climatic 

factors, whereas watershed characteristics influence the recession limb. Watersheds with 

high vegetation and forest coverage have higher infiltration and storage capacities. 

Moreover, they offer larger resistance to surface flow, hence a larger base time and smaller 

peak discharges.  

 

 

3.2.3.2 Mean Monthly Discharge 

 The Mean Monthly Discharge is a plot of the average discharge for each month over the 

time period of the analysis. It allows the visualization of the wettest and driest months of the year, 

making it possible to compare sites for changes in the timing and relative size of low flow and high 

flow conditions. 

3.2.3.3 Flow Duration Curve 

The Flow Duration Curve (Figure 4) is the cumulative frequency plot that 

demonstrations the percentage of time during which the discharge was likely to be equal 

or exceeded some specified value of interest. It is another way of representing stream flow 
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data combining in one curve the flow characteristics of a stream throughout the ranges of 

discharge. Flow duration curves are generally divided in five zones, representing high flow 

(0-10%), moist conditions (10-40%), mid-range flow (40-60%), dry conditions (60-90%), 

and low flow (90-100%). These ranges can be used as a general indicator of the hydrologic 

condition of the stream.  

 

 

 

Figure 4: Representative Flow Duration Curve 

3.2.3.4 Base Flow Index 

Base flow is the relatively stable flow of any natural storage (i.e. aquifer, lakes) 

which is replenished by infiltrated precipitation or surface runoff. Often it is considered as 

the typical day-to-day flow in the watershed, and at times, it could be a lower value than 

mean annual flow, which is influenced by storm events (CWCB, 2008).  Base flow is 

estimated through hydrograph analysis. Several analytical methods have been developed 

to separate base flow from the quick flow. The separation is often calculated by using 

standard analytical methodologies or tracer techniques or a mass balance approach (Pinder 
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and Jones, 1968; McCuen, 1989). Neff et al. (2005), Scanlon et al. (2006) and Nolan et al. 

(2007) reviewed the relative advantages of several base flow separation methods including 

recursive digital filter methods. However, in hydrologic analysis, the Baseflow Index (BFI) 

is more widely used among researchers (Richter et al., 1997). The USGS has a BFI raster 

dataset (Wahl and Wahl, 1988, 1995; Wolock, 2003) but in this study, the Indicator of 

Hydrologic Alteration (IHA) software by the Nature Conservancy was used to calculate it. 

Baseflow Index is the ratio between the moving average of the seven-day minimum flow 

and the mean flow for the year. 

 

 

  

3.2.4 Statistical Indicators 

Stream flow and watersheds are dynamic systems that are naturally variable. This 

variability is essential to sustain ecosystem functions (Poff et al., 1997). The statistical 

indicators selected for this study will help us characterize the natural variability and the 

human alteration of it within the Piedmont Maryland. The statistical indicators developed 

in this study are listed in Table 3. The imperviousness of the watershed is collected from 

USGS Water Data and the other indicators are developed from the daily mean discharge 

data.  
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Table 3: Statistical Indicators 

Indicators Definition Stream flow Impacts 

Mean Annual 

Flow 

The arithmetic mean of all of the individual 

daily mean flows for a given water year 

Water Availability, 

Reliability of Streamflow 

 

Percentage of 

Imperviousness 

The percentage of the watershed that is 

covered by impervious surfaces 

Higher surface runoff, Low 

percolation to ground water 

Base Flow Index 

Minimum 7-day mean divided by mean 

annual flow for each year 

Degree of stressful low-

flow  conditions, 

standardized by a stream’s 

mean annual flow. 

High-Flow Index (75th – 25th)/50th percentile Variation of median flows 

Low-Flow Index (90th – 10th)/50th percentile Variation of most flows 

01-day Max/Min 

Ratio of Annual Max and Min 01-day mean 

discharge 

Structure of river channel 

morphology 

and physical habitat 

condition 

03-day Max/Min Ratio of Annual Max and Min 03-day mean 

discharge 

07-day Max/Min Ratio of Annual Max and Min 07-day mean 

discharge 

90-day Max/Min Ratio of Annual Max and Min 90-day mean 

discharge 
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3.3 Results and Discussion 

The graphical and statistical indicators were developed to help us to understand the 

natural regime of the Piedmont region. Together they characterize the changes to stream 

flow caused by land cover changes, precipitation, and human alteration of the gauged site. 

The gauges were selected carefully to not be impacted by any impoundments. Thus, the 

variations in these stations are due to the movement of water throughout the study area. 

The historical observation record analyzed covers water years through 1980 to 2014. Out 

of twenty gauged stations, only six stations are selected to discuss further here. These 

stations are: 

❖ Urban Streams (imperviousness > 20%) 

1. Dead Run at Franklintown (1589330) 

2. East Branch Herbert Run at Arbutus (1589100) 

3. Whitemarsh Run Near Fullerton (1585090) 

 

 

❖ Rural Stream (imperviousness < 20%) 

1. Beaver Run Near Finksburg (1586210) 

2. Long Green Creek at Glen Arm (1584050) 

3. North Branch Patapsco River at Cedarhurst (1586000) 

3.3.1 Graphical Indicators 

The generalized flow pattern of the Piedmont is illustrated below using stream 

hydrographs, graphs of the mean monthly stream flow, flow duration curves, and the base 

flow index. The hydrologic characteristics of Piedmont streams found in this study are 
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consistent with findings of other representative rural or urban streams. The hydrographs 

(Figure 5) are relatively steady with sudden spikes after storm events. The steeper rising 

limbs are more prominent in urbanized streams than the rural ones. The mean daily flows 

in the winter season (November to February) are very low and do not differ much over the 

season because the steady baseflow dominates the low flows in the cold seasons. Due to 

snowmelt and breakup of river ice, March is the wettest month. Stream flow starts to lessen 

during summer and August seems to be the driest month. The daily flows over the warm 

season are quite different among the years, primarily because of the large inter-annual 

variations in spring snowmelt process and fall rainfall fluctuations. 
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Figure 5: Hydrograph of Selected Watersheds 

The mean monthly graph (log-based) in Figure 6 also displays similar results. 

March seems to be the wettest month, and there is a decline in streamflow until August. To 

fully understand the seasonal variation in long-term streamflow data: precipitation, direct 

runoff, evapotranspiration data are needed. Future research can be done examining how 

the climatic factors are influencing the seasonal variation in streamflow. 
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Figure 6: Mean Monthly Streamflow (log-based) 

 

 

The streamflow pattern and seasonal variation are necessary for ecological balance, 

policy making, and development decision making. Most of the aquatic life cycle is synced 

with the seasonal variations; it is essential for their natural aquatic habitat. And a better 

understanding of streamflow pattern can help flow augmentation, river channeling where 

needed. It can be very beneficial for farming activities. 

The Flow Duration Curves (Figure 7) for selected watersheds show comparable 

results to the hydrographs. The rural streams have higher median discharges than the urban 

streams, while the urban streams have a greater range of discharges. The rural streams have 

a narrower range of discharges for their median flow range (40-60%), making the 

hydrograph more horizontal in this middle range for the rural streams. The reason behind 

this phenomenon may be a higher percentage of imperviousness of urban streams leads to 
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more surface runoff and less resident time for stream flow. The urban streams have 

relatively steeper curve during high flows for shorter periods, meaning they are more prone 

to flash floods. The regulation of streamflow by dams or reservoir storage exhibits much 

flatter and gradual curve like the rural streams. And the rural streams also show the 

relatively flatter curve comparing to urban streams, due to the moderate base flow sustained 

throughout the year in rural streams. The imperviousness in urban streams prevents water 

from percolating to groundwater resulting in base flow.  
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Figure 7: Flow Duration Curves of Selected Watersheds 
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Figure 8: Base Flow Index of Selected Watersheds 

 

 

 

 

 

 

 

 

 

 

 

 

 

Base flow Index (Figure 8) declines for most of the gauged stations over the 

analysis period. The urbanized streams show less variability and have lower index values 

than rural streams. Higher imperviousness prevents water from percolating to groundwater 

and causes more surface runoff, and may be the reason behind this phenomenon.  
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3.3.2 Statistical Indicators 

Daily streamflow data from the selected stations are applied to summarize the natural 

flow regime in Table 4.  

Table 4: Summary of Data Stations 

Station ID 

Imperviou

sness 

Mean 

Annual 

Flow 

Base Flow 

Index 

Percentile Percentile 

1-Day 

Max/Min 

3-day 

Max/Min 

7-Day 

Max/Min 

30-day 

Max/Min 

90 Day 

Max/

Min 

 

 

 

(90-

10)/50 

(75-

25)/50 

1583580 0.528 1.72 0.277 2.031 1.023 54.545 24.951 13.086 6.955 3.105 

1586210 1.893 17.20 0.223 2.083 1.058 66.774 34.781 20.464 8.485 3.741 

1581960  14.04 0.374 6.413 1.413 37.447 18.231 9.329 4.472 2.384 

1589330 35.425 8.89 0.074 9.000 1.650 572.727 197.76 109.272 18.425 3.681 

1589100 34.184 3.45 0.139 5.158 1.300 254.286 95.094 47.746 11.331 3.041 

1581870 0.811 21.51 0.280 1.650 0.813 63.333 30.265 15.187 6.411 2.783 

1581830 0.128 10.35 0.297 1.671 0.299 38.000 21.938 11.325 5.787 3.022 

1581810  36.69 0.286 1.778 0.963 50.619 24.242 13.091 6.187 2.983 

1589197 16.340 0.03 0.138 2.241 0.828 200.000 87.265 40.799 14.659 3.967 

1589238 0.010 5.45 0.224 1.783 0.957 119.130 43.931 20.211 8.465 3.045 

1585104 10.638 4.02 0.076 4.564 1.386 816.667 358.20 89.846 20.555 4.460 

1589440 5.410 32.60 0.238 2.050 0.950 85.811 35.516 18.921 7.185 3.017 

1584050 1.158 11.21 0.266 1.838 0.888 53.600 26.490 14.736 6.703 3.449 

1585230 28.274 0.29 0.031 8.000 1.592 700.000 293.30 167.400 28.815 3.910 

1585095 24.565 65.87 0.252 8.345 1.745 71.923 30.358 17.240 7.130 3.395 

1586000 2.585 2.27 0.024 2.156 1.011 2240.00 650.93 240.620 23.226 5.010 

1583100 0.979 15.28 0.334 1.608 0.767 42.826 20.417 11.486 5.264 2.444 

1589340 35.372 0.02 0.000 15.571 4.286    66.578 3.544 

1585200 23.470 2.84 0.086 4.982 1.391 340.625 126.13 51.925 12.144 3.214 

1585090 26.745 4.66 0.052 6.413 2.479 1094.74 341.15 109.658 20.192 3.894 
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3.3.3 Correlation Analysis of Parameters 

A Spearman Rank Correlation analysis was performed using the ‘spearman’ 

function in Python’s SciPy stats module. Table 5 contains the correlations for variables that 

have a significant association at the 95% confidence level. Percentage of Imperviousness 

shows a positive correlation with both the Low Flow Index and the High Flow Index. But 

the correlation between mean annual flow and percentage of imperviousness is not 

statistically significant. Only the Base Flow Index shows moderate positive correlation 

with the mean annual flow.  Moreover, both High and Low Flow Index displays a high 

degree of association.  

 

Table 5: Spearman Rho Ranked Correlation Analysis.  

Only significant values (p < 0.05) are displayed. 

 imperv MnAnnQ BaseFI LowFI HiFI 1Day 3Day 7Day 30Day 90Day 

imperv 1.0  

MnAnnQ --- 1.0  

BaseFI --- 0.660 1.0  

LowFI 0.616 --- -0.651 1.0  

HiFI 0.570 --- -0.584 0.911 1.0  

1Day --- --- --- --- --- 1.0  

3Day --- --- -0.530 --- --- --- 1.0  

7Day --- --- --- --- --- --- --- 1.0  

30Day --- -0.688 -0.990 0.644 0.572 --- 0.563 --- 1.0  

90Day --- -0.572 -0.827 0.477 --- --- 0.454 --- 0.842 1.0 
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3.3.4 Examining Statistical Indicators in the Context of Changes Over Time 

A plot of the mean annual discharge (Figure 9) for the six example stations shows 

that all six sites experienced the same set of drought years and wet years. Summarizing 

from Table 4, the average of the twenty study sites is a mean annual flow of 12.92 CFS, 

ranging as high as 65.87 CFS for N. Fork Whitemarsh Run near White Marsh, and as low 

as 0.02 CFS for the Rognel Heights Storm Sewer Outfall at Baltimore.  

 

 

 

 

 

 

 

 

 

Figure 9: Mean Annual Streamflow (log-based) 

It appears that urban and rural streams experienced the most extreme drought in 

different years (Table 6).  The driest years were 2002 for rural sites, and 1998 for the urban 

sites. This unusual phenomenon needs further investigation. Furthermore, it was curious 

that the driest year or second-to-driest year of 2002 was followed by the wettest or second-
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to-wettest year of 2003. This would seem to indicate that the system is sensitive to climatic 

variability when it is present. 

 

 

 

 

Table 6: Comparison between Highest and Lowest flow year 

 Rural Stations Urban Stations 

Lowest Streamflow year 2002 1998 

The mean annual flow variability ranges from 0.02 CFS to 65.87 CFS.  The high 

flow percentile varies from 1.6 CFS to 9.0 CFS where average flow percentile ranges 0.77 

CFS to 1.65 CFS. The standard deviation for them is 3.65 and 0.84 respectively. The 

smaller standard deviation for average flow indicates that they are relatively close to mean. 

Which supports the steady base flow throughout the region, but it increases a little between 

March and June and decreases during August through October. The variability for high and 

low flow occurrences of 01 -, 03 -, 07 -, 30 – and 90 – day are also summarized in Table 

4. The yearly base flow index was illustrated in Figure 8 for each station. The BFI graphs 

indicated the small range of variability for the low-flow events is consistent with 

groundwater discharge comprising a significant portion of observed base flows in 

Piedmont regions.  



43 
 

Based on the data, it can be said that the flow variables increased as the percentage 

of the urban area increased.  The stations with lower imperviousness have comparatively 

higher mean annual flow and base flow. Moreover, more urbanized catchments exhibit 

relatively higher average flow and high flow percentile. It also can be said for the shorter 

time period the catchments with lower imperviousness shows higher flow variability. 

However, the phenomenon changes over time and becomes reverse. So, urbanized areas 

slowly and gradually increasing streamflow and natural variability. In most cases, human 

alteration by land use change is responsible for these changes.  

 

3.4 Summary 

It appears from this analysis that as imperviousness increases, there is the 

probability of more extreme flow patterns (flash floods, surface runoff) with a moderate 

decline in base flow as seen in the Base Flow Index. But the mean annual flow might not 

be affected by these increases in flash flooding.  

Streamflow detected at the watershed level reflects the integration of natural 

variations, climatic events, and human-induced changes. Lately, the development of 

indicators to assess hydrologic variability from long-term data become very imperative for 

aquatic health (Arthington et al., 2006). To comprehend the complexity of natural stream 

variability requires many parameters. There is also a need to reduce the indices commonly 

used in Indicator of Hydrologic Alteration (IHA). It is a very powerful and useful tool in 

hydrologic research. But it requires to download the software, install it into a system. And 

then insert the data; create a project to run the analysis. It can compare two-timeframe of a 

single station but could not compare two stations. The main objective of this study is to 



44 
 

eliminate all those processes. IHA uses 33 parameters to evaluate the stream condition. 

Here, only thirteen indicators were able to represent the aquatic health. It seeks to evaluate 

methodically long-term (1980 - 2014) daily flow data of the Maryland Piedmont to quantify 

the flow variability in response to human alteration.  The graphical indicators depict the 

generalized view of the region. However, the statistical indicators yield some interesting 

results. The gradual increase in streamflow highlights the effects of an increase in 

impervious surface within the region. Even though, the other impacts of urbanization i.e. 

increase in water demand were not taken into consideration. A year to year land use change 

study can provide better understanding in this regard.   

 

 

  

Human alteration and climatic fluctuations affect the natural variability in 

streamflow. However, the main challenge is to determine and separate the effects of these 

two on flow changes (Yang et al., 2004; Lu et al., 2013; Lu and Jiang, 2014). The study 

was able to establish the significant effects of urbanization on the hydrologic response of 

the watershed. Its findings also ask more question which needs further investigation. Future 

research should: (1) investigate storm-based streamflow analysis; (2) consider the year to 

year land use change data; (3) comparing highest and lowest flow years of urban and rural 

streams. 
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Chapter Four: Trend Analysis of Piedmont Maryland Streams 

 

 

 

4.1 Introduction 

Urban development and climate change are two possible explanations for long-term 

changes in stream discharge. Land cover changes associated with urbanization can play a 

decisive role in the alteration of streamflow and surface runoff (Kuchment, 2004). Zhang 

et al. (2007) concluded that precipitation variations in the Northern Hemisphere have 

anthropogenic origins, causing precipitation increases in the mid-latitudes, and decreases 

in the subtropics. Natural variability cannot explain the trend of the global surface 

temperature of last 30 years (Hegerl et al., 1996). Instead, many studies tried to link 

streamflow to anthropogenic change with climate variables, including temperature (Santer 

et al., 2011; Allen and Stott, 2003; Hegerl et al., 1996), precipitation (Zhang et al., 2007, 

Min et al., 2011), and snow melt (Barnett et al., 2008; Pierce et al., 2008).  

The previous chapter (chapter three) found a static, direct relationship between the 

degree of urban land cover and several measures of stream hydrology.  Because the land 

cover is not static but increasing monotonically (increasing without periods of decrease), 

it would stand to reason that stream hydrology should also be changing over time in 

response to these changes in land cover. In this chapter, I investigate changes in stream 

hydrology over time to answer the question, “How are streams in the Maryland Piedmont 
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changing over time in response to changes in land cover and climate change?” To answer 

this question, the following three techniques are applied: 

1) Standardized Departure Analysis: examine the deviation of stream discharge 

from the annual mean, 

2) Mann-Kendall Test: to determine the presence of a statistically significant trends 

in stream discharge, and 

3) Sen’s Estimate of Slope: to estimate the rate of change, if any, in stream 

discharge. 

 

 

 

4.2 Methods 

Twenty stream gauges were selected from the Piedmont of Central Maryland (Table 

1, Figure 1).  These gauges measure discharge from a variety of watersheds; some 

watersheds have undergone rapid increases in impervious surfaces over the past 60 years, 

while other have remained largely rural or suburban, with a much lower coverage by 

impervious surfaces. A dataset of the last 30 years, from 1980 to 2014, is used for the 

analysis. Although forty years’ worth of data is considered satisfactory to conduct a trend 

analysis study (Partal, 2010), some other authors have also used forty years or less for their 

trend analysis studies (e.g. Domroes et al., 2005; Chaouche et al., 2010; Makokha et al., 

2010; Karaburun et al., 2011). 
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4.3 Standardized Departures Analysis 

The Standardized Departure Analysis (Figure 10) was conducted on three urban 

and three rural watersheds. This analysis subtracts each station’s long term (1945 to 2019) 

mean discharge from each year’s mean annual discharge for that station, and then 

standardizes the value by the standard deviation. Figure 10 displays the standardized annual 

mean discharge of rural streams in green and urban streams in red. In general, all six sites 

display the same pattern of dry and wet years, with 2002 being an especially dry year, and 

2019 being an unusually wet year. All six sites appear to have similar levels of variability 

over time. Trends in discharge will be evaluated later using the Mann-Kendall test, but a 

visual assessment of figure 10 appears to show annual discharges increasing since 2000 for 

all six sites. Based on the demographic data, the Piedmont region had the highest annual 

growth during 2000-2010. Lins et al. (1999) and Douglas et al. (2000) have also found 

increases in annual stream flows in the eastern U.S.  

 

 

 

 

 

 

 

Figure 10: Standardized Departures Analysis of Urban and Rural Streams 
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For both urban and rural streams, the changes after 2000 appear to be a gradual 

increase rather than an abrupt step change to a different regime. Gradual trends versus 

sudden step changes in streamflow have different consequences. Trends indicate a 

continual change with no indication of an eventual maximum, while step changes indicate 

a shift in a new regime that will likely remain the same. The nature of the change (trend or 

step), also has policy and sustainability implications. For the Piedmont region, the 

progressive increase in the stream flow with the steady base flow for urban stream indicates 

that the area may be becoming more susceptible to flash floods, higher surface runoff, and 

increased water pollution. These are locally caused problems that can also be solved locally 

with policies directed towards limiting impervious surfaces. 

 

4.4 The Mann-Kendall Nonparametric Test for Trend 

Non-parametric tests are widely applied for the analysis of hydrologic data, which 

is subject to a lack of normality and right skew. For detecting trends, a commonly used 

statistical test for hydrological data is the Mann-Kendall nonparametric test (Mann, 1945; 

Kendall, 1975), which is used to assess the presence of a monotonic trend, or a trend that 

is increasing or decreasing over time, but not changing direction. The MK test uses ranks 

to determine the presence of trends and may be used in cases with missing and non-

normally distributed data. A minimum 25 years of data are required to attain a significant 

result in a time series analysis (Burn et al., 2002). In this study, the Makesens (2002) macro 

for Microsoft Excel is used to perform the Mann-Kendall test on the data for selected 

stations. The MK test statistic S and the variance were calculated for each dataset to obtain 

the standard normal value, Z-score. In the data analysis of this study, the significant level 
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used was α = 5% (or 95% confidence intervals) for a two-sided probability. The absolute 

value of this Z-score was then compared to the critical two-tailed Z-value (area under the 

normal curve) of α/2. The Z values in a two-tailed test for α = 5% are ± 1.96. If the 

calculated MK Z-score is outside the range of -1.96 and +1.96, the trends are statistically 

significant. 

 

 

The null hypothesis (Ho) is there is no trend, and annual mean stream discharge is 

increasing and decreasing randomly. The alternative hypothesis (H1) is that a positive or 

negative monotonic trend exists. Moreover, that as we examine values at the end of the 

time series, they are probably to be higher or lower than the values at the start of the time 

series (Hirsch and Slack, 1984; Mohsin and Gough 2010; Karaburun et al., 2011). The Z 

value is calculated by examining the standard normal cumulative distribution; a positive Z 

score indicates an increasing trend, while a negative Z score indicates a downward trend in 

annual mean stream discharge.  Moreover, the annual time series is considered in the study 

to investigate events that are fluctuating in long terms, such as multi-year and decadal 

events. 

4.5 Sen’s Method for Estimating the Slope of a Trend 

The Sen (1968) nonparametric method for estimating the slope of a trend was also 

performed using the Makesens (2002) macro. The Sen’s method can be applied where the 

trend can be assumed to be linear, although it allows missing data. This algorithm produces 

estimates of a linear equation to fit the distribution of annual mean discharges over time. 



50 
 

4.6 Results and Discussion 

The Mann-Kendall test is applied to analyze how the trends in each time series used 

in this study have varied over the study period. The modified MK test is applied for each 

gauge stations from the start to the end of the study period. The standard normal Z-score 

can be used in the MK test only when the number of observations in a dataset is more than 

10. The results of the MK test and the Sen’s Estimate of Slope are shown in Table 7. Five 

stream sites have significant (95% confidence level) upward trends, while no sites have a 

significant downward trend. Of the five stream sites with significant upward trends, four 

are considered urban due to a high level of impervious surfaces. All stream sites except 

three have positive slopes. The Q column is the Sen’s estimator for the true slope of a linear 

trend, expressed as the amount of change per year. The B value is the estimate of the 

constant, or the Y-intercept, or can be interpreted as the estimated annual mean discharge 

for the first year of the series, 1980. The Makesens Marco also produces graphs with a 

trend line. Six selected graphs are displayed below in Figure 11, while the rest of the stream 

gauge figures can be found in Appendix I. 
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Table 7: Results of the Mann-Kendall Test and Sen’s Estimate of the Slope 

 

** if trend at α = 0.01 level of significance ; * if trend at α = 0.05 level of significance; + if trend at α = 0.1 level of significance 

 

 

Figure 11 can be used as a visual aid for interpreting the results from Table 7. Urban 

stations are displayed on the left and rural stations are on the right. Urban stations show 

relatively higher slopes (Q) and Z-scores, meaning they have a higher upward trend.   This 

indicates that urban watersheds appear to have increasing stream discharge. Rural streams 

also mostly have increasing discharges, but at a nearly flat slope, that is not significant.  

Interestingly, most rural stations show higher B values, representing a higher average 

discharge. This is consistent with the results from Chapter Three, which indicate that rural 

streams are more dominated by the base flow.  
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Figure 11: MK Trend Analysis of Stream Flow 

(Urban Streams)                 (Rural Streams) 

 

Interpreting the results of Table 7 does not lead to the definitive conclusion that all 

stations in Piedmont Maryland have increasing discharge. Certainly, most urban streams 

have a significant increase, while almost all streams have increases that are not significant. 

This would lend support to the hypothesis that increasing discharges in the streams of the 
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Maryland Piedmont are likely due to changing landcover, although the effect of climate 

should not be ruled out.  Further research is needed fully to understand the hydrologic 

process in the region with comparing precipitation data and geomorphic data.  

 

The stream flow at the watershed and any changes observed in it are the results of 

the integrated response of the anthropogenic activities and the climatic factors. The 

Piedmont Maryland region has undergone significant land use changes in recent times. The 

observed trends of increasing discharge for urban streams are consistent with findings of 

(Burn et al., 2002), Yue et al. (2003), Stewart et al. (2004), and Zhang et al. (2000).  The 

bulk of the change in stream flow is most likely due to human interventions rather than the 

climatic factors. The increase in paved surface, with its impact on surface runoff and 

groundwater penetration, may cause the increase in discharge in urban areas. During the 

summer seasons when evapotranspiration rates are high, little change is observed in the 

stream flow. As the climatic factors dominate the watershed's hydrology, the observed 

trends are considered the accumulative impact of human alteration and the climate change. 

The changes resulting from anthropogenic forcing are overwhelming and cumulative, since  

anthropogenic climate change and land cover change appear to have a similar influence on 

streamflow. Further studies should focus on finding the dominating force in streamflow 

change in the region. These processes may not be independent of one another. 

 

Some studies have recommended studying trends for different hydroclimatic 

variables to understand the relationship between hydrology and climate. Considering this, 
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the objective of this research was to analyze the trends that may exist in the time series of 

streamflow. Streamflow tends to reflect how a catchment area has been responding to the 

variability in climate (Gaucherel, 2002). The evaluation of hydroclimatic trends on a 

smaller spatial scale provides information on watershed dynamics (Gautam et al., 2010). 

The findings and results obtained from this study will be useful for many aspects of 

infrastructure design, modeling, and management of water resources (such as in planning 

and monitoring of integrated and adaptive water management programs). Trend detection 

and analysis in hydroclimatic variables can also bring out issues which need to be 

considered as part of adaptation and mitigation efforts associated with climate change. This 

implies that public policies created to address the impacts of climate change for a specific 

region should be done based on the knowledge of that region, rather than on the global 

climate change information (Clark et al., 2000). The results of trend analysis in these 

hydroclimatic variables can also be incorporated into prediction models of future scenarios 

applied to many different fields, such as in agriculture (e.g. growing seasons, irrigation 

schemes, crop productions) and food security, water supplies, extreme weather forecast, 

etc. 

 

4.7 Conclusion 

The trend analysis of the Maryland Piedmont hydrologic data reveals the existence 

of an slightly increasing trend in annual mean discharge. The MK tests were applied to the 

mean annual flow, and the results showed that there is a slight positive trend in five of the 

twenty sites. This result agrees with other observed trends from the regional to the 

continental scale. This study did not consider the monthly, seasonally based, and periodic 
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components. The gradual increase in discharge may be influenced by similar climatic 

factors and anthropogenic factors. However, the more urban stations displayed stronger 

increases. The lack of a significant trend at all sites may be due to the coarse temporal scale 

of the analysis that may not show fine-scale trends, or due to masking of a real change due 

to general variability or variations that are seasonal.  The observed hydrologic changes can 

be closely tied to human interventions. The region has undergone rapid urbanization which 

can be related to high surface runoff resulting higher stream discharges.  Some climatic 

factors may also affect the streamflow over the study area. No single factor acts as the 

driver for the observed trends in the study area, but anthropogenic activities seem the most 

dominant one. 

 

Future studies could incorporate some quantitative linkages between the most 

dominant climatic factors that affect trends and land use change. This may potentially 

explain the gradual increase in surface runoff in streamflow and steady base flow in rural 

streams. It would also be beneficial to overlay the precipitation data from nearby with the 

streamflow records to compare the surface runoff in the study area. Finally, the results 

obtained from this present study presented some baseline information about the important 

indicators that affect the streamflow in Piedmont Maryland. This information can be 

integrated into the methods/models aiming to investigate how natural fluctuations (e.g. 

changes in climate, fluctuations of climate indices) can affect streamflow. Furthermore, the 

analysis obtained from this study can serve as grounds for basing the water resources 

design and planning within the watershed covered by the study area, as it involves making 

reasonable predictions or assumptions about future hydro-climatic conditions. 
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Chapter 5: Discussion 

 

 

 

5.1 Discussion 

Although the Earth is constantly changing, these changes have accelerated recently. 

Most of the scientific community is certain that humans are responsible for these rapid 

changes. Hydrologic parameters, especially streamflow, are one of the key indicators of 

human alteration to the natural regime. Sometimes these impacts are too gradual to be 

immediately apparent. Streamflow can be an example of this because it slowly alters 

aquatic habitats, affects groundwater availability, and increases the flashiness of streams.   

The results of this study align with other studies conducted in the USA, but there 

are not many studies done in the Maryland Piedmont region. There was the initial step to 

visually reviewing the data as most major changes in pattern or slope are usually evident. 

From the visual inspection, it seems that the annual flow series of the Piedmont region 

exhibits slight upward trend since 2000, while baseflow has remained steady over the 

period. The indicators developed in this study were beneficial to get the present scenario 

of the hydrologic condition in Piedmont region. The average of the mean annual flow is 

12.92 CFS with as high as 65.87 CFS for N. Fork Whitemarsh Run near White Marsh 

station and as low as 0.02 CFS for Rognel Heights Storm Sewer Outfall at Baltimore 

station. The smaller standard deviation (0.84) of the high flow percentile indicates the base 

flow is steady throughout the season. In the case of urbanized streams, the BFI displays 

less variability than the rural streams.  All twenty stations show a gradual increase in the 
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streamflow that is especially prominent in catchments with higher imperviousness. The 

urbanized streams also display sudden peaks in their hydrographs where those are steeper 

than rural streams. The peak flow of any stream is more likely to 30-100% greater in 

urbanized streams comparing to less urbanized streams (Leopold et al., 1995). The 

Piedmont region has experienced numerous human-induced modifications in the name of 

development. The year 2000 appears to be a change point in this study. According to the 

U.S. Census in 2010, the total population was 3,330,197 with over 140 urban clusters 

within the Piedmont region, while the population is projected to be 3,925,750 by the year 

2040 with 0.54% annualized growth rate.  

 

Table 8: Comparison between population projections 

Population (growth rate) Piedmont Region State of Maryland 

2010 3,330,197 5,773,552 

2025 3,688,000 (0.68%) 6,429,750 (0.72%) 

2040 3,925,750 (0.54%) 6,889,700 (0.59%) 

 

 

Table 8 indicated the steady but gradual increase in population in the Piedmont 

region which is closely parallel to the state of Maryland estimates. If we consider the 

overall land use of the Piedmont region, this growth seems more alarming. The influx of 

local migration tends to explore newer places to live and develop those pristine areas. 

Sometimes governments also give incentive to these proceedings, and in most cases, the 

environment is given the least consideration. The Piedmont region experienced the highest 
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growth at 0.75% during 2000-2010 at the time where the economic recession was 

prominent. Annually, an average of 27,630 acres of agriculture and forest land was lost, 

mostly to development, between 1973 and 2010, and a total of over one million acres have 

developed since 1973 (MDP, 2010). Such land use change alters the hydrologic regime and 

subsequent shifts in the morphologic characteristics of streams usually attributed to the 

increase in impervious surface cover resulting from urbanization. 

 

 

The correlation analysis indicated there is a strong positive association between 

mean annual streamflow and the base flow, but not with the percentage of imperviousness. 

The departure analysis indicated the variability in the streamflow with a gradual increase 

over the year. After the year 2000, the variability becomes more radical and, hydrographs 

become steeper in urbanized areas.  Lins et al. (1999) and Douglas et al. (2000) also found 

similar results with an increase in annual stream flows in the eastern part of the USA.  

The Mann–Kendall (MK) test performed in Chapter four provided some interesting 

insight regarding the streamflow in the Piedmont region. The results indicate that all but 

one site is increasing, but only five are significant increases. These findings also resonate 

with the results of indicators developed in the chapter there. The hydrologic characteristics 

of the Maryland Piedmont region is changing over time. The change is gradual, and the 

more urbanized streams are getting relatively higher streamflow than the rural streams. 

Furthermore, it is apparent that the trends in streamflow started approximately during the 

early 2000s, which could be related to the rapid development and human intervention to 
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that area. Considering the trends in streamflow, the months of the year in which this 

variable is most dynamic is in April and August. The precipitation and snow melts may 

cause the variation greatly over April. August is the most sensitive to any changes 

temperature and is the driest month of the year. A detailed study on the precipitation may 

illustrate a statistically significant result with the surface runoff and snow to water 

conversion. A comprehensive spatiotemporal study is recommended to investigate this 

important factor. Development of a robust analytic tool from long-term dataset to assess 

the possible changes in natural regime is recommended. Further investigation should 

perform using the precipitation stations nearby for run off analysis. Moreover, if the flow 

and precipitation stations are situated relatively close to each other, it may be said that the 

similarity is caused by similar climatic factors influencing the study area. 

 

Based on the analysis and the results, it is of great importance to consider the 

ecological, aquatic, economic, and social impacts of a gradual increase in streamflow. With 

little more precipitation, it could cause havoc to the region. Maryland is vulnerable to 

coastal flooding due to sea level rise. Moreover, as the streams of Maryland are now close 

in the range of overflowing, it is becoming more vulnerable day by day. The vulnerability 

may further accumulate with extensive rainfall, rapid unplanned urbanization, flash flood. 

These extreme climatic events can also impact the human life greatly. With the floods and 

rapid surface runoff, the water quality can deteriorate rapidly.  Institutional changes in 

policy level, streamflow regulation, and management should be reevaluated and updated 

with present climatic change scenario taken into consideration. Future streamflow 

scenarios depended on some other factors were not considered in this study. Changes in 
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weather pattern and precipitation heavily influence the magnitude and frequency of 

streamflow. Water demand of the region likely to increase with growing population and a 

spike in temperature. A decrease in summer flow may result in droughts and could also 

adversely affect the municipal drinking water supply. Now is the most crucial time than 

ever to take our environment more seriously and work together to make it more sustainable 

for the future. 
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CHAPTER 6: CONCLUSION 

 

 

 

6.1 Conclusion 

The hydrologic characteristics of the Maryland Piedmont region are gradually 

changing. Increasing streamflow with higher surface runoff and relatively constant 

baseflow is prevailing condition throughout the region. Human alteration in the form of 

land use change, imperviousness, and rapid urbanization has identified as one of the key 

factors responsible for the streamflow variability. This study provides an overall scenario 

of the hydrologic condition of Piedmont Maryland based on statistical and graphical 

indicator established after rigorous literature review. It also sets out a link to associate the 

streamflow changes with human alteration. The steep peaks in hydrograph, the sharper 

decline in flow duration curve, and relatively steady baseflow indicates the change in land 

use pattern in the stream catchment. Seasonal variability with the extreme condition is also 

shifting through time. Although many other factors may be responsible for these changes, 

urbanization is one of the key elements contributing to it. 

The magnitude of streamflow variability is not only associated with human 

alteration. Climatic factors such as Temperature, Precipitation, and Evaporation also play 

a great deal in these changes. Water demand, irrigation can indirectly contribute to the 

transformation. However, all these factors can be linked to anthropogenic activities. 

Ultimately, human-induced changes are directly or indirectly responsible for changes in 
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hydrologic parameters, especially streamflow. A complete understanding of the sensitivity 

and nature of these changes are critical to future policy making in Piedmont region. We 

must anticipate not only the current stress but also future extreme scenarios to sustain future 

water availability. Few stresses in streamflow are already indicating the adverse effect of 

climatic changes and it is expected to worsen over time. Now it is high time to address this 

situation by starting a rigorous hydro-climatic study in the region. Utilizing indicators with 

other climatic factors and comparing them with yearly urbanization is recommended.  
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	Chapter One: Introduction 
	 
	 
	1.1 Introduction 
	Increasing human populations affect the natural environment by changing land use and increasing impervious surfaces (Graf, 1999; Poff et al., 2007). These changes drastically alter biological, geomorphic, and hydrologic processes (Kalnay, 2003, Wilk et al., 2001, Ring and Fisher, 1985). DeFries (2004) stresses the importance of assessing the effects of land cover change on streamflow because streamflow has control over other abiotic and biotic elements. Streamflow shapes the physical structure of the bed, b
	Understanding of the impacts of long-term climatic events and human alteration on the hydrologic regime of the Maryland Piedmont is imperative. It affects the ecological, economic, and water supply of the region. Most studies look at trends in hydrologic data; only a few tried to identify the contribution of either climatic variability or human alterations (Li et al., 2007a; Ma et al., 2008).  The objectives of this study are to develop a generalized profile of streamflow characteristics of Maryland’s Piedm
	 
	1.2 Climatic Variability 
	Over the past 30 years, Maryland has become wetter and hotter, resulting in more runoff and longer heat waves (MDNR, 2014)  More precipitation in the winter and spring, less rain in the summer, and more frequent and intense storm events are projected for Maryland. This will result in more frequent  floods  and droughts (MDNR, 2014). The increased likelihood of summer drought will affect stream ecosystems, which may lead to increased demand for irrigation and result in drinking water shortages. Distress in p
	These drivers act together to yield day to day weather and ultimately help to determine the temperatures and amount of precipitation that falls on the basin scale. 
	 
	Climatic factors such as precipitation and temperature, along with anthropogenic activities, such as irrigation, dam construction, and land use change can affect streamflow. The impact of these factors is quite extensive but remain poorly understood (Sun et al., 2008; Praskievicz and Chang, 2009). The International Panel on Climate Change (IPCC) Assessment Reports (Watson et al., 1996; McCarthy et al., 2001; Parry et al., 2007) examined the effects of climate change on stream flows. Other examples including
	 
	1.3 Land Use Change 
	Land use/ Land cover change is one of the most visible ways to observe the human impact on nature and is more visible at the watershed scale than at regional scales. As the human population and economy continue to expand, we are changing more of the Earth’s surface. Non-linear relationships, multi-faceted causality, and a lack of understanding of the hydrologic response complicate separating the effects of human alteration from climatic variation (Tollan, 2002). Juckem et al. (2008) studied a small watershe
	agricultural land management. Naik and Jay (2011) tried separating the human and climatic influences on the Columbia River hydrologic cycle. They examined records since 1858 to analyze human influences concentrating different usage including irrigation withdrawals, flow regulation, reservoir management, mining, and deforestation. Zhang et al. (2011) used a combined statistical and water-balance approach to separate the impact of climate variability on annual streamflow of a river basin from those by human a
	 
	1.4 Hydrologic Effects of Land Use 
	Changes in land use significantly impact the volume and speed of surface runoff. Vegetative cover captures most of the precipitation through interception and infiltration, even more in evapotranspiration by the trees (Hough, 1986). Open lands, such as a pasture or cultivated land, allows less infiltration than a forest area and is often more prone to runoff and overland flow, which can quickly transport exposed soil from cultivated fields. Impermeable surfaces (i.e. roofs, parking lots, and roads) allow no 
	Alcamo et al., 2003). While most studies primarily focused on trend detection (Yu et al., 2002; Burns et al., 2007; Novotny & Stefan, 2007) or emphasized extreme water conditions such as flooding and drought (Lehner et al., 2006). However, relatively few papers have considered changes the entire flow regime, including the characteristics of flow variation, magnitude, timing, frequency, duration, and rate of change. Numerous studies have examined the impact of land use, withdrawals, dams, and/or climate chan
	 
	1.5 Research Objectives and Questions 
	To assess the specific hydrologic attributes of a stream affected by human activities, in-depth knowledge of hydrologic responses is  required. Stream gauge data collected by the U.S. Geological Survey (USGS) is one of the primary sources to evaluate natural flow characteristics and quantify the alterations made by human influences. Daily stream data can also play a significant role to identify streams at risk for biological impairment from the loss of aquatic habitat. Analysis of streamflow has led to the 
	non-climatic factors can also obscure the responses of catchments to 20th-century climate change (Bates et al., 2008). In addition to anthropogenic alterations, future changes in climate will likely further impact natural streamflow (Karl et al., 2009; Bates et al., 2008). 
	 
	Most studies used streamflow as a driving force (Poff, 1997) of stream health and ecology (Richter, 1997), focusing on spatial and temporal variation in the natural flow regime (Stanford, 1996). Development projects such as dams, hydraulic power plants, and bridges alter the natural flow (Ward, 1997; Dynesius and Nilsson, 1994) of the stream and have environmental (Rosenberg, 1995) and ecological impacts (Johnson, 1998).  On a watershed level, such impacts on hydrologic processes are reflected in fluctuatio
	I. What are the general characteristics of streamflow in the Piedmont region of Maryland? 
	I. What are the general characteristics of streamflow in the Piedmont region of Maryland? 
	I. What are the general characteristics of streamflow in the Piedmont region of Maryland? 

	II. How has human alteration of the landscape affected streamflow over time? 
	II. How has human alteration of the landscape affected streamflow over time? 


	 
	This study seeks a better understanding of hydrologic processes, including flow patterns and annual trend. It will strive to measure how the natural flow regime is changing due to land use changes. Results of this study may equip us to prepare for sustainable development, policy changes, and climate change adaptation in the future. 
	 
	1.6 Study Area 
	Maryland, which covers 10,460 square miles, lies between 37°53' and 39°43' north latitude and between 75°04' and 79°29' west longitude. It is known as “America in Miniature1,” because it spans several physiographic provinces. Maryland’s elevation increases gradually from the Atlantic Ocean across the Coastal Plain to the Fall Line, where it rises rapidly through the Piedmont region (Figure 1) to the ridges of the Appalachian Plateau, climaxing in the Highlands of the Allegheny Plateau. Streams have rapid fl
	1 According to DiLisio (2004), the author of this moniker is unknown. 
	1 According to DiLisio (2004), the author of this moniker is unknown. 

	Figure 1: Map of the Maryland Piedmont 
	Figure
	 
	Mill dams in the area can increase the rate of erosion (Walter and Merritts, 2008). Sediments from early agricultural activity accumulated in the reservoirs of 18th & 19th century mill dams. Later, when these dams were abandoned, they frequently breached, leading to the entrainment of the stored ‘legacy’ sediments (Merritts et al., 2011). The mobilization of legacy sediments is mostly associated with larger flows, which tend to be seasonal and increasingly associated with urbanization (Allen, 2012). 
	 
	1.7 Structure of the Thesis 
	This thesis contains six chapters.  Chapter 1 begins with the Introduction and Research Question. Chapter 2 reviews the previous scientific literature on the impact of 
	climate change and land cover change on water resources, with an emphasis on current observations and future projections. This chapter will also review statistical methods for identifying trends in hydrologic time series. Chapter 3 examines stream discharge data for twenty sites using various statistical analyses such as flow duration analysis to compare urban and rural watersheds. By substituting space for time, I am able to assume the effects of urbanization over time by looking at watersheds that have di
	 
	1.8 Summary 
	Streamflow is considered a critical factor in stream health and aquatic ecology, but it is not measured for the majority of rivers. The Appalachian Piedmont is an important geological province in the eastern USA that is rapidly urbanizing and home to several major cities and millions of people. Understanding the hydrologic cycle in the Piedmont and how human alteration influences it is essential to the future sustainable development of the area. This study will bridge the information gap between scientists 
	  
	Chapter Two: Literature Review 
	 
	 
	2.1 Introduction 
	This chapter summarizes the literature on streamflow, climatic variability and water resources, hydrologic observations, trend analysis, and the impact of human alteration. The objective is to provide a comprehensive summary of recent approaches, identifying research gaps within the study area. The chapter begins by focusing on the importance of streamflow to humans and aquatic ecosystems. Then it provides the summary of how climatic variability stresses water resources and how to establish a general hydrol
	 
	2.2 Streamflow 
	Stream flow is a primary source of fresh water and is indispensable to the health of the aquatic ecosystems and the natural flow regime. Humans have intervened the natural process by regulating flows, building dams (Graf, 1999; Poff et al., 2007; Biemans et al., 2011), excessive withdrawals (Gerten et al., 2008), and land use/cover changes (Piao et al., 2007). These changes lead to a drastic variation in the magnitude and timing of streamflow, which instigates the decline in aquatic ecosystem health (Carlis
	extreme water conditions such as flood and drought (Lehner et al., 2006). However, very few studies consider changes to the entire flow regime.  
	 
	Land cover change alters the vegetative coverage, surface roughness, evapotranspiration, and subsequently, the runoff response of the watershed (Costa et al., 2003). Additionally, it leads to increases in water demand (municipal, industrial, and recreational purposes), changes the drainage network and the physical environment, and upsurges waste disposal is ensuing stress to streams and aquifers (Lindh, 1972). Precipitation events also trigger the intensification of runoff as imperviousness increases due to
	 
	Physical characteristics of the watershed (topography, soil, and vegetation), climate and human activities heavily influence the hydrologic processes. Climate Change and other water-related issues have rendered the necessity of studying changes in these processes. Human activities are responsible for intensifying climate change and land cover changes (Scanlon et al., 2007) resulting the stress in a global hydrologic cycle in recent years 
	(Brutsaert and Parlange, 1998). On the other hand, land cover changes, such as deforestation or afforestation, have led to increased or decreased stream flows in different areas (Fohrer et al., 2001; Brown et al., 2005). Land use/land cover (LULC) change affects both human and physical environments and plays a fundamental role in various environmental and socioeconomic applications from local, regional, to global scales (Vitousek 1994; Foody 2002). LULC change has considerable impacts on streamflow and non-
	 
	2.3 Water Resources and Climate Change 
	The Sun drives the climatic system and the hydrologic cycle. Both are intrinsically linked so that a change in one can induce a change in the other due to their in-depth inter-connection (Kundzewicz, 2004). However, greenhouse gas emissions and land use changes have altered the energy balance (Forster et al., 2007, IPCC, 2008). Anthropogenic greenhouse gasses emission is a very probable cause of the rise in global surface temperature over the course of the 21st century (IPCC, 2007a), and it is estimated tha
	global mean surface temperatures have increased by 0.74°C ± 0.18° C (linear trend) over the last ~100 years (1906-2005) (Trenberth et al., 2007). It is expected that a warmer climate will lead to increases in evaporation and a higher specific humidity resulting in an intensification of the hydrologic cycle (Huntington, 2006).  
	 
	A changing climate also has the potential to affect the intensity, timing, and frequency of precipitation events and their translation into the surface runoff (Bates et al., 2008). Based on location, these projected changes can have both positive and adverse effects. Changes in precipitation can be more variable than temperature, as precipitation is very site-specific and profoundly influenced by not only topography but also by local and regional atmospheric patterns (IPCC, 2007a). Thus, precipitation chang
	 
	On a global scale, Maryland is considered to have a relatively low stress level with respect to the projected ratio of water withdrawals to water availability under the higher emissions (A2) scenario for 2050. As the Advisory Committee on the Management and Protection of the State’s Water Resources noted in 2004, Maryland has enough water to meet present and future needs. However, the current projections indicate that flooding will increase: 100-year floods will increase by 10-20 %, and 10-year storms will 
	surges. Increased frequency and variability of extreme rainfall may lead to flooding, surface runoff, and high energy flows, impacting water quality, stormwater infrastructure, and water and wastewater treatment infrastructure. Therefore, due to this nonlinearity, possible changes can have both positive and adverse effects on the hydrologic system (and no effects at all) depending on the sign, magnitude of the modification and the geographical location. For example, a higher temperature can result in increa
	 
	Localized information on possible future impacts is needed, to anticipate changes and to devise appropriate adaptation measures, to reduce exposure or develop coping strategies. At the local scale, the greatest uncertainties and challenges exist for identifying climate change indications (Stott et al., 2010) and modeling future impacts (Milly et al., 2005; Nohara et al., 2006). Hydro-climatic information and historical records from monitoring networks have always played an important part in decision-making 
	changes. Long-term hydrologic observations will always play a major role in providing data for detecting and quantifying changes along with possible trends, hydrologic modeling, evaluating projected future conditions and appraising possible adaptation strategies for sustainable planning and decision-making. 
	 
	2.4 The Role of Hydrological Observations 
	Any climatic changes are more likely to result in impacting the physical environment especially the hydrologic cycle. It may trigger stress in water availability for municipal and industrial use, changes in water demand for irrigation, quality water deterioration, higher surface runoff of stormwater and wastewater, or sea level rise. Long-term historical records are more beneficial to hydrologist rather than short time records because they are not influenced by any noise or natural variability (Cohn and Lin
	 
	Observational hydrologic data has always played a major role in appraising decisions in water resource sector to assess different planning options. For example, past hydrologic records have been used to provide information about future water availability and to design water infrastructure considering other factors including current and expected water demand increases due to population growth. Traditionally according to the principle of stationarity, water resource systems have been developed based on histor
	  
	Figure 2: Time series with possible characteristics of a) trend, b) oscillation, c) regime shift or    d) noise (Omstedt, 2005) 
	Figure
	 
	Evaluating records of an existing monitoring network for hydrologic research is indispensable. Many studies have established and used data for the determination of the effects of climate variability and changes in hydro-climatic variables (Birsan et al.; 2005, Hannaford & Marsh, 2006, 2008; Hodgkins & Dudley, 2006; Khaliq et al.; 2008, 2009; and Hannaford & Harvey, 2010). Burn et al., (2012) showed that only ~30% of the studies used data from pristine catchments or near-natural catchments with limited distu
	appropriate length for any analysis to be statistically significant. An inadequacy of such an approach is that these networks were often established for observational purposes other than hydro-climatic extreme events (Burn et al., 2012). Depending on the purpose, some parts of the flow regime will have better accuracy than others. Therefore, only a few hydrologic monitoring stations perform well across the entire range of flows (Hannaford & Marsh, 2008). Consequently, the quality of data might not be ideal 
	 
	However, to analyze for a better understanding of general characteristics and trend in hydrologic data, other climatic indicators should also be analyzed. Alexander et al. (2006) investigated global changes in temperature and precipitation extremes and reported statistically significant changes in minimum temperatures and precipitation, although with less spatial coherence for the latter. Precipitation changes differ in magnitude a from region to region, reducing the global average change (Zhang et al., 200
	2.5 Trend Analysis 
	The hydro-climatic system is very complex in nature and requires an enhanced understanding of complicated time and space variations. To evaluate the trend in a hydrologic data series, it is important to consider the characteristics of data such as length and distribution, the structure of the data, the possible existence of monotonic or step trend, and seasonal fluctuations (Cluis et al., 1989). Some of the widely used trend detection techniques in hydrologic research are the Monte Carlo Simulation (Yue et 
	 
	The Mann-Kendall (Mann, 1945; Kendall, 1975) test is a rank-based non-parametric test. It assesses the randomness (Zhang et al., 2001; Déry and Wood, 2005; Kallache et al., 2005; Zume and Tarhule, 2006, Burn et al., 2010) of data against the existence of monotonic trend or not (Yue et al., 2003). The MK test is extensively applied in trend detection for hydro-climatic parameters because of its resilience to the skewed 
	distribution, missing or null values, and outliers (Lins and Slack, 1999; Partal and Küçük, 2006). As the MK trend analysis is a rank-based test, it emphasizes more on the order of the rank rather than actual values. Thus, if there is missing values or outliers, the result would be affected much. It also produces significant results if there is a break in data series (Lemaitre, 2002; Chaouche et al., 2010). The MK test is deemed to be more applicable if the changes are gradual in nature (Chaouche et al., 20
	 
	With the advantages of robustness and widely accepted in the scientific community for hydrologic research, applying MK test is not always ideal. If the dataset presents serial correlation that may lead to misleading results. Serial correlation may very often present in hydrologic data, and it may exhibit a significant trend when are is absent of a significant trend (Hamed and Rao, 1998; Partal and Küçük, 2006). Another common issue with the 
	MK test is identifying the slope after trend detection.  Even though the slope may be negligible in magnitude, but it exemplifies the dissimilarity of statistical and practical significance. A trend can be statistically significant but may not have any practical meaning and vice versa (Yue et al., 2002). Ancillary information and judgment must be taken into consideration to interpret the results that are both statistically and practically significant.  
	 
	2.6 Summary of the Literature Review  
	The literature review in this chapter originates with an overview of stream flow and how it is essential to both human society and aquatic ecosystems. The two principle forces causing the changes in the pristine condition are either human activity or climate change (Figure 3). Then it explores the possibilities, current research, and the challenges associated with the analysis of long-term hydrologic data to identify direct human alteration of stream flow or climate-driven trends. There appears to be no res
	 
	 
	Figure
	Figure 3: Conceptual Relationship between Human Alteration and Changing Climate Impacting Streamflow 
	 
	Since rapid climate change and anthropogenic activities heavily influence the management of water projects, it is essential to better understand the effects of these two major factors on hydrologic processes. Based on the literature studied, empirical indicators will be developed to quantify the degree of change in streamflow variation within Piedmont Maryland. For change detection, trend analyses of historical observations are widely applied. And the Mann-Kendall test will be applied for trend detection in
	 
	 
	Chapter Three: Hydrologic Response of Maryland Piedmont Streams to Urbanization and Land Cover Change  
	 
	 
	3.1 Introduction 
	The objective of this study is to establish a hydrologic profile of the Piedmont in Maryland to determine the variability of the natural flow regime. This study plans to proceed in two steps to disentangle the impacts of urbanization from climate change on stream hydrology.  The first goal is to establish the hydrologic profile by characterizing the natural flow regime of Piedmont area. The second goal is to identify a set of indicators that can assess the potential impact of human alteration on streamflow.
	 
	3.2 Methods 
	3.2.1 Selection of Gauging Stations 
	This study uses the daily mean discharge for USGS stream gauge stations in the National Water Information System (USGS, 2001). The stations are located within the Maryland Piedmont and were selected using the following criteria, which was adapted from Murphy et al. (2013).  
	 Good and consistent hydrologic data quality (predominantly at extreme flow ranges) 
	 Good and consistent hydrologic data quality (predominantly at extreme flow ranges) 
	 Good and consistent hydrologic data quality (predominantly at extreme flow ranges) 

	 Near-natural flow regime - zero or stable water abstractions and discharges (impact less than 10% of flow at or more than Q95) 
	 Near-natural flow regime - zero or stable water abstractions and discharges (impact less than 10% of flow at or more than Q95) 

	 Long record length (minimum 15 years) 
	 Long record length (minimum 15 years) 

	 Stations must be representative of the hydrologic conditions within the Maryland Piedmont with good geographical coverage 
	 Stations must be representative of the hydrologic conditions within the Maryland Piedmont with good geographical coverage 


	 
	The gauges are located upstream of dams so that they are not influenced by them. This study uses data from the years 1981–2014, where a water year extends from October 1 to September 30 (Gordon et al., 1992). The data series ideally need to be free from any other artificial influences for better results. Based on the selection criteria described above, twenty stream gauges were selected. They vary in level of urbanization and range in size from 0.07 to 143 km2 (Table 1). These stations can be used to monito
	 
	 
	 
	 
	 
	 
	 
	Table 1: List of stream gauges 
	Table
	TBody
	TR
	Span
	Gauge ID 
	Gauge ID 

	Stream Name 
	Stream Name 

	Drainage area (km2) 
	Drainage area (km2) 

	Years of record 
	Years of record 

	No. of years 
	No. of years 

	Imperviousness (%) 
	Imperviousness (%) 


	TR
	Span
	1583580 
	1583580 

	Baisman's Run at Broadmoar MD 
	Baisman's Run at Broadmoar MD 

	3.91 
	3.91 

	1999-2014 
	1999-2014 

	16 
	16 

	0.5277 
	0.5277 


	TR
	Span
	1586210 
	1586210 

	Beaver Run Near Finksburg 
	Beaver Run Near Finksburg 

	36.39 
	36.39 

	1982-2014 
	1982-2014 

	33 
	33 

	1.8927 
	1.8927 


	TR
	Span
	1581960 
	1581960 

	Beetree Run at Bentley Springs 
	Beetree Run at Bentley Springs 

	25.1 
	25.1 

	1999-2014 
	1999-2014 

	16 
	16 

	 
	 


	TR
	Span
	1589330 
	1589330 

	Dead Run at Franklintown 
	Dead Run at Franklintown 

	14.3 
	14.3 

	1980-1987, 
	1980-1987, 
	1998-2014 

	25 
	25 

	35.425 
	35.425 


	TR
	Span
	1589100 
	1589100 

	East Branch Herbert Run at Arbutus 
	East Branch Herbert Run at Arbutus 

	6.35 
	6.35 

	1980-1989, 
	1980-1989, 
	1998-2014 

	27 
	27 

	34.183 
	34.183 


	TR
	Span
	1581870 
	1581870 

	George's Run Near Beckleysville 
	George's Run Near Beckleysville 

	41 
	41 

	2000-2014 
	2000-2014 

	15 
	15 

	0.8106 
	0.8106 


	TR
	Span
	1581830 
	1581830 

	Grave Run Near Beckleysville 
	Grave Run Near Beckleysville 

	19.94 
	19.94 

	2000-2014 
	2000-2014 

	15 
	15 

	0.1284 
	0.1284 


	TR
	Span
	1581810 
	1581810 

	Gunpowder Falls at Hoffmanville 
	Gunpowder Falls at Hoffmanville 

	70.58 
	70.58 

	2000-2014 
	2000-2014 

	15 
	15 

	 
	 


	TR
	Span
	1589197 
	1589197 

	Gwynns Falls Near Delight 
	Gwynns Falls Near Delight 

	10.46 
	10.46 

	1998-2014 
	1998-2014 

	17 
	17 

	16.340 
	16.340 


	TR
	Span
	1589238 
	1589238 

	Gwynns Falls Tributary at Mcdonogh 
	Gwynns Falls Tributary at Mcdonogh 

	0.07 
	0.07 

	1999-2014 
	1999-2014 

	16 
	16 

	0.01 
	0.01 


	TR
	Span
	1585104 
	1585104 

	Honeygo Run Near White Marsh 
	Honeygo Run Near White Marsh 

	6.14 
	6.14 

	1999-2014 
	1999-2014 

	15 
	15 

	10.638 
	10.638 


	TR
	Span
	1589440 
	1589440 

	Jones Falls at Sorrento 
	Jones Falls at Sorrento 

	67.1 
	67.1 

	1996-2014 
	1996-2014 

	19 
	19 

	5.4096 
	5.4096 


	TR
	Span
	1584050 
	1584050 

	Long Green Creek at Glen Arm 
	Long Green Creek at Glen Arm 

	24.33 
	24.33 

	1980-2014 
	1980-2014 

	35 
	35 

	1.1577 
	1.1577 


	TR
	Span
	1585230 
	1585230 

	Moores Run at Radecke Ave At Baltimore 
	Moores Run at Radecke Ave At Baltimore 

	9.1 
	9.1 

	1996-2014 
	1996-2014 

	19 
	19 

	28.274 
	28.274 


	TR
	Span
	1585095 
	1585095 

	N. Fork Whitemarsh Run Near Wt Marsh 
	N. Fork Whitemarsh Run Near Wt Marsh 

	3.37 
	3.37 

	1992-2009 
	1992-2009 

	18 
	18 

	24.564 
	24.564 


	TR
	Span
	1586000 
	1586000 

	North Branch Patapsco River at Cedarhurst 
	North Branch Patapsco River at Cedarhurst 

	143.86 
	143.86 

	1980-2014 
	1980-2014 

	35 
	35 

	2.5850 
	2.5850 


	TR
	Span
	1583100 
	1583100 

	Piney Run at Dover 
	Piney Run at Dover 

	31.98 
	31.98 

	1982-1988, 
	1982-1988, 
	1996-2014 

	26 
	26 

	0.9786 
	0.9786 


	TR
	Span
	1589340 
	1589340 

	Rognel Hgts Storm Sewer Outfall at Baltimore 
	Rognel Hgts Storm Sewer Outfall at Baltimore 

	0.06 
	0.06 

	1998-2010 
	1998-2010 

	13 
	13 

	35.3723 
	35.3723 


	TR
	Span
	1585200 
	1585200 

	W. Branch Herring Run at Idlewylde 
	W. Branch Herring Run at Idlewylde 

	5.65 
	5.65 

	1980-1987, 
	1980-1987, 
	1996-2014 

	27 
	27 

	23.469 
	23.469 


	TR
	Span
	1585090 
	1585090 

	Whitemarsh Run Near Fullerton 
	Whitemarsh Run Near Fullerton 

	6.98 
	6.98 

	1995-2014 
	1995-2014 

	20 
	20 

	26.7446 
	26.7446 




	 
	 
	3.2.2 Construction of Streamflow Indicators 
	Streamflow records were analyzed over the period of 1980-2014 for the twenty stations that met the criteria. It is desirable to work with a complete dataset in order to assess changes in the flow patterns. However, some stations contain data gaps with missing flow measurements. Anthropogenic changes to the hydrologic regime are not expected to be evenly distributed spatially or temporally. 
	 
	Thirteen indicators of the flow regime were carefully selected from the literature and grouped into two categories: Graphical and Statistical (Table 2). These indicators will be used to compare the selected streams at different time periods. The four graphical indicators will establish the general hydrologic character of the flow regime, and include: Hydrograph, Mean Monthly Discharge, Flow Duration Curve, and a Base Flow Index graph.  The nine statistical indicators include measures of the percent impervio
	 
	Table 2. Indicators used in this study. 
	Statistical Indicators 
	Statistical Indicators 
	 Mean Annual Discharge  
	 Mean Annual Discharge  
	 Mean Annual Discharge  

	 High-Flow Index 
	 High-Flow Index 

	 Low-Flow Index 
	 Low-Flow Index 

	 Base Flow Index 
	 Base Flow Index 

	 1-day min/max ratio 
	 1-day min/max ratio 

	 7-day min/max ratio 
	 7-day min/max ratio 

	 30-day min/max ratio 
	 30-day min/max ratio 

	 90-day min/max ratio 
	 90-day min/max ratio 

	 Percentage of Imperviousness 
	 Percentage of Imperviousness 


	 
	Figure

	Graphical Indicators 
	Graphical Indicators 
	 Hydrograph 
	 Hydrograph 
	 Hydrograph 

	 Mean Monthly Discharge 
	 Mean Monthly Discharge 

	 Flow Duration Curve  
	 Flow Duration Curve  

	 Base Flow Index 
	 Base Flow Index 


	 
	Figure

	 
	 
	 
	3.2.3 Graphical Indicators 
	3.2.3.1 Hydrograph 
	A hydrograph displays the discharge of a stream over time. It is one of the simplest ways to graphically represent the complex dynamics of the watershed by a single curve.  The interaction between watershed characteristics and storm events shapes the discharge hydrograph. The volume of the runoff over a time interval is equal to the area under the hydrograph. The structure of the hydrograph is highly influenced by the storm events and physiography of the watershed. In general, the rising limb is often shape
	 
	3.2.3.2 Mean Monthly Discharge 
	 The Mean Monthly Discharge is a plot of the average discharge for each month over the time period of the analysis. It allows the visualization of the wettest and driest months of the year, making it possible to compare sites for changes in the timing and relative size of low flow and high flow conditions. 
	 
	3.2.3.3 Flow Duration Curve 
	The Flow Duration Curve (Figure 4) is the cumulative frequency plot that demonstrations the percentage of time during which the discharge was likely to be equal or exceeded some specified value of interest. It is another way of representing stream flow 
	data combining in one curve the flow characteristics of a stream throughout the ranges of discharge. Flow duration curves are generally divided in five zones, representing high flow (0-10%), moist conditions (10-40%), mid-range flow (40-60%), dry conditions (60-90%), and low flow (90-100%). These ranges can be used as a general indicator of the hydrologic condition of the stream.  
	 
	 
	Figure
	Figure 4: Representative Flow Duration Curve 
	 
	3.2.3.4 Base Flow Index 
	Base flow is the relatively stable flow of any natural storage (i.e. aquifer, lakes) which is replenished by infiltrated precipitation or surface runoff. Often it is considered as the typical day-to-day flow in the watershed, and at times, it could be a lower value than mean annual flow, which is influenced by storm events (CWCB, 2008).  Base flow is estimated through hydrograph analysis. Several analytical methods have been developed to separate base flow from the quick flow. The separation is often calcul
	and Jones, 1968; McCuen, 1989). Neff et al. (2005), Scanlon et al. (2006) and Nolan et al. (2007) reviewed the relative advantages of several base flow separation methods including recursive digital filter methods. However, in hydrologic analysis, the Baseflow Index (BFI) is more widely used among researchers (Richter et al., 1997). The USGS has a BFI raster dataset (Wahl and Wahl, 1988, 1995; Wolock, 2003) but in this study, the Indicator of Hydrologic Alteration (IHA) software by the Nature Conservancy wa
	 
	3.2.4 Statistical Indicators 
	Stream flow and watersheds are dynamic systems that are naturally variable. This variability is essential to sustain ecosystem functions (Poff et al., 1997). The statistical indicators selected for this study will help us characterize the natural variability and the human alteration of it within the Piedmont Maryland. The statistical indicators developed in this study are listed in Table 3. The imperviousness of the watershed is collected from USGS Water Data and the other indicators are developed from the 
	 
	  
	Table 3: Statistical Indicators 
	Table
	TBody
	TR
	Span
	Indicators 
	Indicators 

	Definition 
	Definition 

	Stream flow Impacts 
	Stream flow Impacts 


	TR
	Span
	TD
	Span
	Mean Annual Flow 

	TD
	Span
	The arithmetic mean of all of the individual daily mean flows for a given water year 

	TD
	Span
	Water Availability, Reliability of Streamflow 
	 


	TR
	Span
	Percentage of Imperviousness 
	Percentage of Imperviousness 

	The percentage of the watershed that is covered by impervious surfaces 
	The percentage of the watershed that is covered by impervious surfaces 

	Higher surface runoff, Low percolation to ground water 
	Higher surface runoff, Low percolation to ground water 


	TR
	Span
	TD
	Span
	Base Flow Index 

	TD
	Span
	Minimum 7-day mean divided by mean annual flow for each year 

	TD
	Span
	Degree of stressful low-flow  conditions, standardized by a stream’s mean annual flow. 


	TR
	Span
	High-Flow Index 
	High-Flow Index 

	(75th – 25th)/50th percentile 
	(75th – 25th)/50th percentile 

	Variation of median flows 
	Variation of median flows 


	TR
	Span
	TD
	Span
	Low-Flow Index 

	TD
	Span
	(90th – 10th)/50th percentile 

	TD
	Span
	Variation of most flows 


	TR
	Span
	01-day Max/Min 
	01-day Max/Min 

	Ratio of Annual Max and Min 01-day mean discharge 
	Ratio of Annual Max and Min 01-day mean discharge 

	Structure of river channel morphology 
	Structure of river channel morphology 
	and physical habitat condition 


	TR
	Span
	TD
	Span
	03-day Max/Min 

	TD
	Span
	Ratio of Annual Max and Min 03-day mean discharge 


	TR
	Span
	07-day Max/Min 
	07-day Max/Min 

	Ratio of Annual Max and Min 07-day mean discharge 
	Ratio of Annual Max and Min 07-day mean discharge 


	TR
	Span
	TD
	Span
	90-day Max/Min 

	TD
	Span
	Ratio of Annual Max and Min 90-day mean discharge 




	 
	 
	3.3 Results and Discussion 
	The graphical and statistical indicators were developed to help us to understand the natural regime of the Piedmont region. Together they characterize the changes to stream flow caused by land cover changes, precipitation, and human alteration of the gauged site. The gauges were selected carefully to not be impacted by any impoundments. Thus, the variations in these stations are due to the movement of water throughout the study area. The historical observation record analyzed covers water years through 1980
	❖ Urban Streams (imperviousness > 20%) 
	❖ Urban Streams (imperviousness > 20%) 
	❖ Urban Streams (imperviousness > 20%) 

	1. Dead Run at Franklintown (1589330) 
	1. Dead Run at Franklintown (1589330) 

	2. East Branch Herbert Run at Arbutus (1589100) 
	2. East Branch Herbert Run at Arbutus (1589100) 

	3. Whitemarsh Run Near Fullerton (1585090) 
	3. Whitemarsh Run Near Fullerton (1585090) 


	 
	❖ Rural Stream (imperviousness < 20%) 
	❖ Rural Stream (imperviousness < 20%) 
	❖ Rural Stream (imperviousness < 20%) 

	1. Beaver Run Near Finksburg (1586210) 
	1. Beaver Run Near Finksburg (1586210) 

	2. Long Green Creek at Glen Arm (1584050) 
	2. Long Green Creek at Glen Arm (1584050) 

	3. North Branch Patapsco River at Cedarhurst (1586000) 
	3. North Branch Patapsco River at Cedarhurst (1586000) 


	 
	3.3.1 Graphical Indicators 
	The generalized flow pattern of the Piedmont is illustrated below using stream hydrographs, graphs of the mean monthly stream flow, flow duration curves, and the base flow index. The hydrologic characteristics of Piedmont streams found in this study are 
	consistent with findings of other representative rural or urban streams. The hydrographs (Figure 5) are relatively steady with sudden spikes after storm events. The steeper rising limbs are more prominent in urbanized streams than the rural ones. The mean daily flows in the winter season (November to February) are very low and do not differ much over the season because the steady baseflow dominates the low flows in the cold seasons. Due to snowmelt and breakup of river ice, March is the wettest month. Strea
	                  
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure 5: Hydrograph of Selected Watersheds 
	 
	The mean monthly graph (log-based) in Figure 6 also displays similar results. March seems to be the wettest month, and there is a decline in streamflow until August. To fully understand the seasonal variation in long-term streamflow data: precipitation, direct runoff, evapotranspiration data are needed. Future research can be done examining how the climatic factors are influencing the seasonal variation in streamflow. 
	Figure 6: Mean Monthly Streamflow (log-based) 
	Figure
	 
	The streamflow pattern and seasonal variation are necessary for ecological balance, policy making, and development decision making. Most of the aquatic life cycle is synced with the seasonal variations; it is essential for their natural aquatic habitat. And a better understanding of streamflow pattern can help flow augmentation, river channeling where needed. It can be very beneficial for farming activities. 
	 
	The Flow Duration Curves (Figure 7) for selected watersheds show comparable results to the hydrographs. The rural streams have higher median discharges than the urban streams, while the urban streams have a greater range of discharges. The rural streams have a narrower range of discharges for their median flow range (40-60%), making the hydrograph more horizontal in this middle range for the rural streams. The reason behind this phenomenon may be a higher percentage of imperviousness of urban streams leads 
	more surface runoff and less resident time for stream flow. The urban streams have relatively steeper curve during high flows for shorter periods, meaning they are more prone to flash floods. The regulation of streamflow by dams or reservoir storage exhibits much flatter and gradual curve like the rural streams. And the rural streams also show the relatively flatter curve comparing to urban streams, due to the moderate base flow sustained throughout the year in rural streams. The imperviousness in urban str
	 
	 
	 
	                                      
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure
	 
	Figure
	 
	 
	 
	Figure
	 
	Figure
	Figure
	Figure
	 
	 
	 
	 
	 
	 
	 
	Figure 7: Flow Duration Curves of Selected Watersheds 
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	Figure 8: Base Flow Index of Selected Watersheds 
	 
	Base flow Index (Figure 8) declines for most of the gauged stations over the analysis period. The urbanized streams show less variability and have lower index values than rural streams. Higher imperviousness prevents water from percolating to groundwater and causes more surface runoff, and may be the reason behind this phenomenon.  
	 
	3.3.2 Statistical Indicators 
	Daily streamflow data from the selected stations are applied to summarize the natural flow regime in Table 4.  
	Table 4: Summary of Data Stations 
	Table
	TBody
	TR
	Span
	Station ID 
	Station ID 

	Imperviousness 
	Imperviousness 

	Mean Annual Flow 
	Mean Annual Flow 

	Base Flow Index 
	Base Flow Index 

	Percentile 
	Percentile 

	Percentile 
	Percentile 

	1-Day Max/Min 
	1-Day Max/Min 

	3-day Max/Min 
	3-day Max/Min 

	7-Day Max/Min 
	7-Day Max/Min 

	30-day Max/Min 
	30-day Max/Min 

	90 Day Max/Min 
	90 Day Max/Min 
	 
	 


	TR
	Span
	 
	 

	(90-10)/50 
	(90-10)/50 

	(75-25)/50 
	(75-25)/50 


	TR
	Span
	1583580 
	1583580 

	0.528 
	0.528 

	1.72 
	1.72 

	0.277 
	0.277 

	2.031 
	2.031 

	1.023 
	1.023 

	54.545 
	54.545 

	24.951 
	24.951 

	13.086 
	13.086 

	6.955 
	6.955 

	3.105 
	3.105 


	TR
	Span
	1586210 
	1586210 

	1.893 
	1.893 

	17.20 
	17.20 

	0.223 
	0.223 

	2.083 
	2.083 

	1.058 
	1.058 

	66.774 
	66.774 

	34.781 
	34.781 

	20.464 
	20.464 

	8.485 
	8.485 

	3.741 
	3.741 


	TR
	Span
	1581960 
	1581960 

	 
	 

	14.04 
	14.04 

	0.374 
	0.374 

	6.413 
	6.413 

	1.413 
	1.413 

	37.447 
	37.447 

	18.231 
	18.231 

	9.329 
	9.329 

	4.472 
	4.472 

	2.384 
	2.384 


	TR
	Span
	1589330 
	1589330 

	35.425 
	35.425 

	8.89 
	8.89 

	0.074 
	0.074 

	9.000 
	9.000 

	1.650 
	1.650 

	572.727 
	572.727 

	197.76 
	197.76 

	109.272 
	109.272 

	18.425 
	18.425 

	3.681 
	3.681 


	TR
	Span
	1589100 
	1589100 

	34.184 
	34.184 

	3.45 
	3.45 

	0.139 
	0.139 

	5.158 
	5.158 

	1.300 
	1.300 

	254.286 
	254.286 

	95.094 
	95.094 

	47.746 
	47.746 

	11.331 
	11.331 

	3.041 
	3.041 


	TR
	Span
	1581870 
	1581870 

	0.811 
	0.811 

	21.51 
	21.51 

	0.280 
	0.280 

	1.650 
	1.650 

	0.813 
	0.813 

	63.333 
	63.333 

	30.265 
	30.265 

	15.187 
	15.187 

	6.411 
	6.411 

	2.783 
	2.783 


	TR
	Span
	1581830 
	1581830 

	0.128 
	0.128 

	10.35 
	10.35 

	0.297 
	0.297 

	1.671 
	1.671 

	0.299 
	0.299 

	38.000 
	38.000 

	21.938 
	21.938 

	11.325 
	11.325 

	5.787 
	5.787 

	3.022 
	3.022 


	TR
	Span
	1581810 
	1581810 

	 
	 

	36.69 
	36.69 

	0.286 
	0.286 

	1.778 
	1.778 

	0.963 
	0.963 

	50.619 
	50.619 

	24.242 
	24.242 

	13.091 
	13.091 

	6.187 
	6.187 

	2.983 
	2.983 


	TR
	Span
	1589197 
	1589197 

	16.340 
	16.340 

	0.03 
	0.03 

	0.138 
	0.138 

	2.241 
	2.241 

	0.828 
	0.828 

	200.000 
	200.000 

	87.265 
	87.265 

	40.799 
	40.799 

	14.659 
	14.659 

	3.967 
	3.967 


	TR
	Span
	1589238 
	1589238 

	0.010 
	0.010 

	5.45 
	5.45 

	0.224 
	0.224 

	1.783 
	1.783 

	0.957 
	0.957 

	119.130 
	119.130 

	43.931 
	43.931 

	20.211 
	20.211 

	8.465 
	8.465 

	3.045 
	3.045 


	TR
	Span
	1585104 
	1585104 

	10.638 
	10.638 

	4.02 
	4.02 

	0.076 
	0.076 

	4.564 
	4.564 

	1.386 
	1.386 

	816.667 
	816.667 

	358.20 
	358.20 

	89.846 
	89.846 

	20.555 
	20.555 

	4.460 
	4.460 


	TR
	Span
	1589440 
	1589440 

	5.410 
	5.410 

	32.60 
	32.60 

	0.238 
	0.238 

	2.050 
	2.050 

	0.950 
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	3.3.3 Correlation Analysis of Parameters 
	A Spearman Rank Correlation analysis was performed using the ‘spearman’ function in Python’s SciPy stats module. Table 5 contains the correlations for variables that have a significant association at the 95% confidence level. Percentage of Imperviousness shows a positive correlation with both the Low Flow Index and the High Flow Index. But the correlation between mean annual flow and percentage of imperviousness is not statistically significant. Only the Base Flow Index shows moderate positive correlation w
	 
	Table 5: Spearman Rho Ranked Correlation Analysis.  
	Only significant values (p < 0.05) are displayed. 
	 imperv MnAnnQ BaseFI LowFI HiFI 1Day 3Day 7Day 30Day 90Day 
	imperv 1.0  
	MnAnnQ --- 1.0  
	BaseFI --- 0.660 1.0  
	LowFI 0.616 --- -0.651 1.0  
	HiFI 0.570 --- -0.584 0.911 1.0  
	1Day --- --- --- --- --- 1.0  
	3Day --- --- -0.530 --- --- --- 1.0  
	7Day --- --- --- --- --- --- --- 1.0  
	30Day --- -0.688 -0.990 0.644 0.572 --- 0.563 --- 1.0  
	90Day --- -0.572 -0.827 0.477 --- --- 0.454 --- 0.842 1.0 
	 
	  
	3.3.4 Examining Statistical Indicators in the Context of Changes Over Time 
	A plot of the mean annual discharge (Figure 9) for the six example stations shows that all six sites experienced the same set of drought years and wet years. Summarizing from Table 4, the average of the twenty study sites is a mean annual flow of 12.92 CFS, ranging as high as 65.87 CFS for N. Fork Whitemarsh Run near White Marsh, and as low as 0.02 CFS for the Rognel Heights Storm Sewer Outfall at Baltimore.  
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	Figure 9: Mean Annual Streamflow (log-based) 
	 
	It appears that urban and rural streams experienced the most extreme drought in different years (Table 6).  The driest years were 2002 for rural sites, and 1998 for the urban sites. This unusual phenomenon needs further investigation. Furthermore, it was curious that the driest year or second-to-driest year of 2002 was followed by the wettest or second-
	to-wettest year of 2003. This would seem to indicate that the system is sensitive to climatic variability when it is present. 
	 
	Table 6: Comparison between Highest and Lowest flow year 
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	The mean annual flow variability ranges from 0.02 CFS to 65.87 CFS.  The high flow percentile varies from 1.6 CFS to 9.0 CFS where average flow percentile ranges 0.77 CFS to 1.65 CFS. The standard deviation for them is 3.65 and 0.84 respectively. The smaller standard deviation for average flow indicates that they are relatively close to mean. Which supports the steady base flow throughout the region, but it increases a little between March and June and decreases during August through October. The variabilit
	 
	Based on the data, it can be said that the flow variables increased as the percentage of the urban area increased.  The stations with lower imperviousness have comparatively higher mean annual flow and base flow. Moreover, more urbanized catchments exhibit relatively higher average flow and high flow percentile. It also can be said for the shorter time period the catchments with lower imperviousness shows higher flow variability. However, the phenomenon changes over time and becomes reverse. So, urbanized a
	 
	3.4 Summary 
	It appears from this analysis that as imperviousness increases, there is the probability of more extreme flow patterns (flash floods, surface runoff) with a moderate decline in base flow as seen in the Base Flow Index. But the mean annual flow might not be affected by these increases in flash flooding.  
	Streamflow detected at the watershed level reflects the integration of natural variations, climatic events, and human-induced changes. Lately, the development of indicators to assess hydrologic variability from long-term data become very imperative for aquatic health (Arthington et al., 2006). To comprehend the complexity of natural stream variability requires many parameters. There is also a need to reduce the indices commonly used in Indicator of Hydrologic Alteration (IHA). It is a very powerful and usef
	eliminate all those processes. IHA uses 33 parameters to evaluate the stream condition. Here, only thirteen indicators were able to represent the aquatic health. It seeks to evaluate methodically long-term (1980 - 2014) daily flow data of the Maryland Piedmont to quantify the flow variability in response to human alteration.  The graphical indicators depict the generalized view of the region. However, the statistical indicators yield some interesting results. The gradual increase in streamflow highlights th
	 
	Human alteration and climatic fluctuations affect the natural variability in streamflow. However, the main challenge is to determine and separate the effects of these two on flow changes (Yang et al., 2004; Lu et al., 2013; Lu and Jiang, 2014). The study was able to establish the significant effects of urbanization on the hydrologic response of the watershed. Its findings also ask more question which needs further investigation. Future research should: (1) investigate storm-based streamflow analysis; (2) co
	 
	  
	Chapter Four: Trend Analysis of Piedmont Maryland Streams 
	 
	 
	4.1 Introduction 
	Urban development and climate change are two possible explanations for long-term changes in stream discharge. Land cover changes associated with urbanization can play a decisive role in the alteration of streamflow and surface runoff (Kuchment, 2004). Zhang et al. (2007) concluded that precipitation variations in the Northern Hemisphere have anthropogenic origins, causing precipitation increases in the mid-latitudes, and decreases in the subtropics. Natural variability cannot explain the trend of the global
	 
	The previous chapter (chapter three) found a static, direct relationship between the degree of urban land cover and several measures of stream hydrology.  Because the land cover is not static but increasing monotonically (increasing without periods of decrease), it would stand to reason that stream hydrology should also be changing over time in response to these changes in land cover. In this chapter, I investigate changes in stream hydrology over time to answer the question, “How are streams in the Marylan
	changing over time in response to changes in land cover and climate change?” To answer this question, the following three techniques are applied: 
	1) Standardized Departure Analysis: examine the deviation of stream discharge from the annual mean, 
	2) Mann-Kendall Test: to determine the presence of a statistically significant trends in stream discharge, and 
	3) Sen’s Estimate of Slope: to estimate the rate of change, if any, in stream discharge. 
	 
	 
	4.2 Methods 
	Twenty stream gauges were selected from the Piedmont of Central Maryland (Table 1, Figure 1).  These gauges measure discharge from a variety of watersheds; some watersheds have undergone rapid increases in impervious surfaces over the past 60 years, while other have remained largely rural or suburban, with a much lower coverage by impervious surfaces. A dataset of the last 30 years, from 1980 to 2014, is used for the analysis. Although forty years’ worth of data is considered satisfactory to conduct a trend
	 
	4.3 Standardized Departures Analysis 
	The Standardized Departure Analysis (Figure 10) was conducted on three urban and three rural watersheds. This analysis subtracts each station’s long term (1945 to 2019) mean discharge from each year’s mean annual discharge for that station, and then standardizes the value by the standard deviation. Figure 10 displays the standardized annual mean discharge of rural streams in green and urban streams in red. In general, all six sites display the same pattern of dry and wet years, with 2002 being an especially
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	Figure 10: Standardized Departures Analysis of Urban and Rural Streams 
	For both urban and rural streams, the changes after 2000 appear to be a gradual increase rather than an abrupt step change to a different regime. Gradual trends versus sudden step changes in streamflow have different consequences. Trends indicate a continual change with no indication of an eventual maximum, while step changes indicate a shift in a new regime that will likely remain the same. The nature of the change (trend or step), also has policy and sustainability implications. For the Piedmont region, t
	 
	4.4 The Mann-Kendall Nonparametric Test for Trend 
	Non-parametric tests are widely applied for the analysis of hydrologic data, which is subject to a lack of normality and right skew. For detecting trends, a commonly used statistical test for hydrological data is the Mann-Kendall nonparametric test (Mann, 1945; Kendall, 1975), which is used to assess the presence of a monotonic trend, or a trend that is increasing or decreasing over time, but not changing direction. The MK test uses ranks to determine the presence of trends and may be used in cases with mis
	used was α = 5% (or 95% confidence intervals) for a two-sided probability. The absolute value of this Z-score was then compared to the critical two-tailed Z-value (area under the normal curve) of α/2. The Z values in a two-tailed test for α = 5% are ± 1.96. If the calculated MK Z-score is outside the range of -1.96 and +1.96, the trends are statistically significant. 
	 
	The null hypothesis (Ho) is there is no trend, and annual mean stream discharge is increasing and decreasing randomly. The alternative hypothesis (H1) is that a positive or negative monotonic trend exists. Moreover, that as we examine values at the end of the time series, they are probably to be higher or lower than the values at the start of the time series (Hirsch and Slack, 1984; Mohsin and Gough 2010; Karaburun et al., 2011). The Z value is calculated by examining the standard normal cumulative distribu
	 
	4.5 Sen’s Method for Estimating the Slope of a Trend 
	The Sen (1968) nonparametric method for estimating the slope of a trend was also performed using the Makesens (2002) macro. The Sen’s method can be applied where the trend can be assumed to be linear, although it allows missing data. This algorithm produces estimates of a linear equation to fit the distribution of annual mean discharges over time. 
	4.6 Results and Discussion 
	The Mann-Kendall test is applied to analyze how the trends in each time series used in this study have varied over the study period. The modified MK test is applied for each gauge stations from the start to the end of the study period. The standard normal Z-score can be used in the MK test only when the number of observations in a dataset is more than 10. The results of the MK test and the Sen’s Estimate of Slope are shown in Table 7. Five stream sites have significant (95% confidence level) upward trends, 
	 
	 
	 
	 
	 
	 
	 
	Table 7: Results of the Mann-Kendall Test and Sen’s Estimate of the Slope 
	 
	Figure
	** if trend at α = 0.01 level of significance ; * if trend at α = 0.05 level of significance; + if trend at α = 0.1 level of significance 
	 
	 

	Figure 11 can be used as a visual aid for interpreting the results from Table 7. Urban stations are displayed on the left and rural stations are on the right. Urban stations show relatively higher slopes (Q) and Z-scores, meaning they have a higher upward trend.   This indicates that urban watersheds appear to have increasing stream discharge. Rural streams also mostly have increasing discharges, but at a nearly flat slope, that is not significant.  Interestingly, most rural stations show higher B values, r
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	Figure 11: MK Trend Analysis of Stream Flow 
	 
	Interpreting the results of Table 7 does not lead to the definitive conclusion that all stations in Piedmont Maryland have increasing discharge. Certainly, most urban streams have a significant increase, while almost all streams have increases that are not significant. This would lend support to the hypothesis that increasing discharges in the streams of the 
	Maryland Piedmont are likely due to changing landcover, although the effect of climate should not be ruled out.  Further research is needed fully to understand the hydrologic process in the region with comparing precipitation data and geomorphic data.  
	 
	The stream flow at the watershed and any changes observed in it are the results of the integrated response of the anthropogenic activities and the climatic factors. The Piedmont Maryland region has undergone significant land use changes in recent times. The observed trends of increasing discharge for urban streams are consistent with findings of (Burn et al., 2002), Yue et al. (2003), Stewart et al. (2004), and Zhang et al. (2000).  The bulk of the change in stream flow is most likely due to human intervent
	 
	Some studies have recommended studying trends for different hydroclimatic variables to understand the relationship between hydrology and climate. Considering this, 
	the objective of this research was to analyze the trends that may exist in the time series of streamflow. Streamflow tends to reflect how a catchment area has been responding to the variability in climate (Gaucherel, 2002). The evaluation of hydroclimatic trends on a smaller spatial scale provides information on watershed dynamics (Gautam et al., 2010). The findings and results obtained from this study will be useful for many aspects of infrastructure design, modeling, and management of water resources (suc
	 
	4.7 Conclusion 
	The trend analysis of the Maryland Piedmont hydrologic data reveals the existence of an slightly increasing trend in annual mean discharge. The MK tests were applied to the mean annual flow, and the results showed that there is a slight positive trend in five of the twenty sites. This result agrees with other observed trends from the regional to the continental scale. This study did not consider the monthly, seasonally based, and periodic 
	components. The gradual increase in discharge may be influenced by similar climatic factors and anthropogenic factors. However, the more urban stations displayed stronger increases. The lack of a significant trend at all sites may be due to the coarse temporal scale of the analysis that may not show fine-scale trends, or due to masking of a real change due to general variability or variations that are seasonal.  The observed hydrologic changes can be closely tied to human interventions. The region has under
	 
	Future studies could incorporate some quantitative linkages between the most dominant climatic factors that affect trends and land use change. This may potentially explain the gradual increase in surface runoff in streamflow and steady base flow in rural streams. It would also be beneficial to overlay the precipitation data from nearby with the streamflow records to compare the surface runoff in the study area. Finally, the results obtained from this present study presented some baseline information about t
	Chapter 5: Discussion 
	 
	 
	5.1 Discussion 
	Although the Earth is constantly changing, these changes have accelerated recently. Most of the scientific community is certain that humans are responsible for these rapid changes. Hydrologic parameters, especially streamflow, are one of the key indicators of human alteration to the natural regime. Sometimes these impacts are too gradual to be immediately apparent. Streamflow can be an example of this because it slowly alters aquatic habitats, affects groundwater availability, and increases the flashiness o
	 
	The results of this study align with other studies conducted in the USA, but there are not many studies done in the Maryland Piedmont region. There was the initial step to visually reviewing the data as most major changes in pattern or slope are usually evident. From the visual inspection, it seems that the annual flow series of the Piedmont region exhibits slight upward trend since 2000, while baseflow has remained steady over the period. The indicators developed in this study were beneficial to get the pr
	streamflow that is especially prominent in catchments with higher imperviousness. The urbanized streams also display sudden peaks in their hydrographs where those are steeper than rural streams. The peak flow of any stream is more likely to 30-100% greater in urbanized streams comparing to less urbanized streams (Leopold et al., 1995). The Piedmont region has experienced numerous human-induced modifications in the name of development. The year 2000 appears to be a change point in this study. According to th
	 
	Table 8: Comparison between population projections 
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	Table 8 indicated the steady but gradual increase in population in the Piedmont region which is closely parallel to the state of Maryland estimates. If we consider the overall land use of the Piedmont region, this growth seems more alarming. The influx of local migration tends to explore newer places to live and develop those pristine areas. Sometimes governments also give incentive to these proceedings, and in most cases, the environment is given the least consideration. The Piedmont region experienced the
	growth at 0.75% during 2000-2010 at the time where the economic recession was prominent. Annually, an average of 27,630 acres of agriculture and forest land was lost, mostly to development, between 1973 and 2010, and a total of over one million acres have developed since 1973 (MDP, 2010). Such land use change alters the hydrologic regime and subsequent shifts in the morphologic characteristics of streams usually attributed to the increase in impervious surface cover resulting from urbanization. 
	 
	The correlation analysis indicated there is a strong positive association between mean annual streamflow and the base flow, but not with the percentage of imperviousness. The departure analysis indicated the variability in the streamflow with a gradual increase over the year. After the year 2000, the variability becomes more radical and, hydrographs become steeper in urbanized areas.  Lins et al. (1999) and Douglas et al. (2000) also found similar results with an increase in annual stream flows in the easte
	 
	The Mann–Kendall (MK) test performed in Chapter four provided some interesting insight regarding the streamflow in the Piedmont region. The results indicate that all but one site is increasing, but only five are significant increases. These findings also resonate with the results of indicators developed in the chapter there. The hydrologic characteristics of the Maryland Piedmont region is changing over time. The change is gradual, and the more urbanized streams are getting relatively higher streamflow than
	that area. Considering the trends in streamflow, the months of the year in which this variable is most dynamic is in April and August. The precipitation and snow melts may cause the variation greatly over April. August is the most sensitive to any changes temperature and is the driest month of the year. A detailed study on the precipitation may illustrate a statistically significant result with the surface runoff and snow to water conversion. A comprehensive spatiotemporal study is recommended to investigat
	 
	Based on the analysis and the results, it is of great importance to consider the ecological, aquatic, economic, and social impacts of a gradual increase in streamflow. With little more precipitation, it could cause havoc to the region. Maryland is vulnerable to coastal flooding due to sea level rise. Moreover, as the streams of Maryland are now close in the range of overflowing, it is becoming more vulnerable day by day. The vulnerability may further accumulate with extensive rainfall, rapid unplanned urban
	weather pattern and precipitation heavily influence the magnitude and frequency of streamflow. Water demand of the region likely to increase with growing population and a spike in temperature. A decrease in summer flow may result in droughts and could also adversely affect the municipal drinking water supply. Now is the most crucial time than ever to take our environment more seriously and work together to make it more sustainable for the future. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	CHAPTER 6: CONCLUSION 
	 
	 
	6.1 Conclusion 
	The hydrologic characteristics of the Maryland Piedmont region are gradually changing. Increasing streamflow with higher surface runoff and relatively constant baseflow is prevailing condition throughout the region. Human alteration in the form of land use change, imperviousness, and rapid urbanization has identified as one of the key factors responsible for the streamflow variability. This study provides an overall scenario of the hydrologic condition of Piedmont Maryland based on statistical and graphical
	 
	The magnitude of streamflow variability is not only associated with human alteration. Climatic factors such as Temperature, Precipitation, and Evaporation also play a great deal in these changes. Water demand, irrigation can indirectly contribute to the transformation. However, all these factors can be linked to anthropogenic activities. Ultimately, human-induced changes are directly or indirectly responsible for changes in 
	hydrologic parameters, especially streamflow. A complete understanding of the sensitivity and nature of these changes are critical to future policy making in Piedmont region. We must anticipate not only the current stress but also future extreme scenarios to sustain future water availability. Few stresses in streamflow are already indicating the adverse effect of climatic changes and it is expected to worsen over time. Now it is high time to address this situation by starting a rigorous hydro-climatic study
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