III. The Hydrologic Cycle

Ground water is one sub-system of another larger system known a$ the hydrologic cycle (fig. 3-1). This cycle consists of the many pathways a particle of water may take on its journey from the sea to the atmosphere to the land and ultimately back to the sea. In this cycle there is no point of beginning or ending and there are an infinite number of pathways. A particle of water may complete the entire cycle or be forever caught up in one or more of its smaller sub-cycles.

Figure 3-1 shows a general representation of the hydrologic cycle.

Earth’s Water Regimes

The earth’s water is everywhere in one or more of three basic forms: liquid, solid or gas. As a liquid it makes up the world’s oceans, lakes, streams, ground water and living things. In a solid form it appears as the snow and ice that make up glaciers and the polar icecaps. As a gas it resides in the atmosphere as water vapor.

Depending on the type of regime, water may stay in a form just a few days to thousands of years. Turnover time is the amount of time that a volume of water resides in an environment before it is replaced by a new volume of water. For river water this turnover time is about 2 weeks; whereas ground water has a relatively longer turnover time, usually from tens to thousands of years. When ground water supplies are recycled at such slow rates, one can easily understand why there should be concern over protecting them.

Elements of the Hydrologic Cycle

The hydrologic cycle is made up of several different elements. Here the cycle is divided into eight different parts:

1) Precipitation

2) Evaporation

3) Transpiration

4) Infiltration

5) Surface Runoff

6) Base Flow

7) Stream Flow

8) StoragelRecharge

Each one will be defined and discussed briefly. Just remember, although there are many other ways and terms that are used to define and classify these elements, it always boils down into the same interrelated system.

Precipitation

Precipitation is the process by which water vapor condenses into the atmosphere or onto a land surface in the form of rain, sleet, snow or dew. This condensation is brought about when a moisture laden air mass is cooled. This cooling most often takes place when the air mass is forced to rise by any one of three factors: frontal movements, where an intruding, colder air mass forces warmer, moister air upward; convective currents in the atmosphere, caused by air rising from a heated land surface; or orographic effects brought about by irregularities in the land surface (fig. 3-3 a, b and c). Perhaps the most important thing to note about precipitation is its intensity and duration. During a short heavy downpour of rain, the soil may be dry and have room for a large amount of water, but the intensity of the rain may be so great that little of the rain enters the soil and actually NIIS off or stands on the land surface. Prolonged periods of moderate steady rain are much more likely to result in water entering the soil and subsequently the ground water zone. Rainfall tends to be of longer duration and of less intensity in humid regions as compared to more arid regions where a large amount usually falls during a relatively short period of time.
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Evaporation and

Transpiration

These processes, evaporation and transpiration, are often discussed together because they are difficult to separate and quantify under field conditions, In hydrologic studies the combination of these two processes is referred to as evapotranspiration.

Depending upon a variety of atmospheric and climatic factors a portion of the precipitation that falls to the earth’s surface will return directly back to the gaseous state through the process of evaporation. Evaporation from land and water surfaces is an important consideration when attempting to quantify the amount of ground water available within an area. The greater the surface area, whether it be land or water, the greater the potential for evaporation to take place. A large amount of precipitation in an area could lead one to believe that an excess of ground water may exist, when in reality, the majority of precipitation may be evaporating back to the atmosphere. Some precipitation evaporates back into the atmosphere before it ever strikes a land or water surface.

Plants are also responsible for returning water directly back to the atmosphere through the process of transpiration. Water in the root zone is taken up by plants, a portion is used to manufacture plant tissue, and then as much as 99% is returned to the atmosphere through the leaf surfaces. Transpiration accounts for the majority of water lost to the atmosphere from land surfaces. The size and density of the vegetation governs the amount of transpiration that can take place.

Certain types of plants, such as cactus, in arid and drought prone climates are especially adapted to minimize transpiration loss. These plants are called xerophytes and are characterized by shallow root systems that are adapted to make the most of low soil moisture conditions and by modified leaves that reduce transpiration and conserve water in the plant tissue. Other plants, known as phreatophytes, have deep tap root systems that extend below the water table and are capable of transpiring enormous quantities of water back into the atmosphere. Common phreatophytes include willow, cottonwood, saltgrass and mesquite. These types of plants are often surface indicators of ground water discharge areas and will be discussed later. The comparative relationship of these two plants to the ground water zone is in figure 3-4.

Infiltration

Infiltration occurs when water flows downward from the land surface and into the soil. Infiltrating water may pass through two distinct zones. The first zone is termed the unsaturated or vadose zone and is defined as the zone below the ground surface in which the pore spaces are only partially filled with water. Beneath this zone lies the saturated or phreatic zone where all the pore spaces are filled with water. The top surface of the zone of saturation is called the water table. The water in the vadose zone above the water table is called soil water or interstitial water. Water in the phreatic zone below the water table is called ground water. Recharge occurs when surface water infiltrates through the soil and into the saturated zone. Between the saturated and unsaturated zone there is a transitional zone called the capillary fringe. The capillary fringe results from the attraction between water and the soil and rock particles. This attraction causes water from the saturated zone to adhere to the surfaces of these particles and rise in small diameter pore spaces against the force of gravity. Figure 3-5 is a diagram of the vertical zones.

Each soil bas a finite capability for allowing water to infiltrate into it. This infiltration capacity depends upon the kind of soil and the amount of moisture present. A dry soil would have a relatively high infitration capacity. Capillary forces between water and soil particle surfaces act to draw water into the soil’s pore spaces. Once the surface tension and capillary force between the soil particles is exceeded by that of gravity, the water in the unsaturated zone will flow vertically downward toward the water table.

As infiltration continues with time, the soil moisture increases and the capillary forces begin to decrease (fig. 3-6) This causes the infiltration capacity of the soil to decrease.

Dry soils have high infiltration capacities and soils that have larger amounts of moisture have relatively low infiltration capacities. As long as the intensity and duration of precipitation is such that the infiltration capacity of the soil is not exceeded, infiltration will continue. As soon as the precipitation rate exceeds the infiltration capacity, water will start to collect on and move across the land surface. This is known as runoff. In addition, infiltration decreases with increased slope andlor a decrease in vegetative cover.
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As precipitation ceases and the water drains from the soil, the moisture content will decrease to a point where the force of gravity acting on the water equals the capillary and surface tension forces between the soil particles. Gravity drainage will stop at this point known as the soil’s field capacity.

Runoff

Runoff is usually greatest during precipitation events of great intensity and relatively short duration, such as thunder- storms. So much rain falls on the land surface that the soil simply doesn’t have the capacity to let it all infiltrate and so it travels along the land surface or stands as puddles. Two factors that greatly affect the rate of runoff are slope and vegetation. Increased slopes and lack of vegetation tend to let runoff water gain velocity as it moves across the land usually resulting in erosion. Vegetation serves to slow down the runoff rate and in many cases may delay this water long enough so that it has the opportunity to infiltrate into the soil.

In arid regions, generally much less vegetative cover is present than in more humid areas. The lack of vegetation, combined with the shorter, more intense rainfall characteristic of arid climates, results in higher runoff potential and subsequent flash flooding.

Surface runoff has two major components: depression storage and overland flow. Runoff water that becomes trapped in puddles is known as depression storage. This water will infiltrate into the soil once the the soil moisture capacity is no longer at a maximum. Water that moves across the land surface as a thin sheet is referred to as overland flow. Eventually runoff water will enter a surface drainage channel where it becomes part of the streamflow.

Base Flow

Although the saturated zone is gaining water from an area where recharge is occurring, it may be losing ground water in an area of discharge where water flows out of the ground. Lakes, rivers, streams, creeks, springs, seeps and bogs usually act as ground water discharge areas. When ground water is discharged into a surface water drainage system, it is known as base flow.

In humid regions, depending upon the time of the year, water tables beneath the land surrounding a stream are often higher than the water level in the stream. This situation results in a ground water base flow contribution to the stream. In and regions, often there is no baseflow component in the streamflow. This is due to the water table in such areas being usually deep below the land surface and stream level. This situation results in the stream actually supplying water to the ground water zone.

Stream Flow

The amount of water traveling along a particular surface drainage route is known as streamflow. Streamflow has two major components: runoff, which is the surface contribution to streamflow, and base flow, which is the ground water contribution to streamflow. The hydrograph is the basic graphical method used to show the discharge of a stream or river at a certain location with time. The graph is made by plotting stream discharge against time. Figure 3-7 is a typical hydrograph for the Little Kuma River measured at a point just below Jefferson City, during and after a storm event. Notice the relative portions of the discharge that are attributed to baseflow and runoff.

Storage

Recharge occurs when water enters the saturated zone either directly from the unsaturated zone or indirectly from a surface body of water. Beneath the land surface, the water table is in a constant state of flux. During periods of increased precipitation and infiltration, the elevation of the water table rises as more water enters the expanding saturated zone. Likewise, the water table drops during drought periods as less water reaches the water table. During a given period there will be a net amount of ground water present in the system. This amount is known as storage.

A relationship exists between storage and streamflow. When the water table is higher than the adjacent stream level, ground water movement in most cases will be toward and into the stream. This is usually the case in humid regions. Under these circumstances the baseflow portion of the streamflow increases as one moves further downstream. This type of stream is called a gaining or effluent stream. When the reverse happens and water from the stream infiltrates through the stream bed to a lower water table, the stream is termed losing or influent. In this case less water will be in
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the channel as one moves downstream. This condition tends to be more prevalent in arid regions. Depending upon the circumstances, a stream may change from being a losing stream to a gaining one in just a few hours (fig. 3-8).

Construction and Use of

the Hydrologic Equation

The inflow and outflow relationships of the various elements of the hydrologic cycle can be expressed in a simple hydrologic or water budget equation:

P = I + E + RO + dGW

where:

P = Precipitation

I = Infiltration

E = Evapotranspiration

RO = Runoff

dGW = Change in Ground Water Storage

This is the equation for the simplest of systems. Depending on the specific region and the amount of accuracy desired, a number of other factors may he considered on the right side of the equation. Among these may be soil moisture, interflow, and outflow; of special interest is the discharge or amount of water being pumped from a ground water system.

By calculating the amounts of each element, either through field measurements or by making some logical assumptions, hydrogeologists can use water budget equations to make a number of different types of ground water resource estimates upon which to base ground water management decisions. By quantifying each element of the system, you can see where one or more elements of the system can be varied or changed to bring ahout a desired response in another part of the system.

For instance, let’s say you live in a city that’s in an arid climate. This city has a major ground water supply problem in that there is a slow decline in the water table taking place. You want to minimize this decline. It can be done through several approaches. Initially you may decide to reduce ground water production. That would help slow the decline and may even cause a rise. You could also attempt to alter some land use patterns to increase the amount of infiltration taking place. This could be done by using porous pavement in parking lots and in road construction. Perhaps the zoning regulations could be revised to reduce lot coverage and to increase infiltration and recharge potential. Other methods to decrease evapotranspiration or decrease surface runoff could also be used. The hydrologic equation is a basic tool that can he used to determine how a change in one element will affect another.

*

*

*

*

*

The Jefferson City

Water Budget

Three weeks have passed since the well incident at the Johnson household in Jefferson City. Those first few days afterwards, the phone hadn’t stopped ringing at the SCS field office. A few searing newspaper articles had really stirred up quite a few folks-everyone was now worried about what might be in the water they were drinking. Mike Kenton couldn’t understand why everyone seemed to call the SCS office-it wasn’t supposed to be the local ground water bureau. His agency seemed to be the closest thing to it in Jefferson City. Unlike the USGS, EPA or State Department of Natural Resources, none of which had an office anywhere nearby, the NRCS district office was right there and accessible. For now NRCS’ers would have to do their best answering the calls.
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Yes, Skyler Reed had really created a panic. He had dug up his old geology 101 notes and proclaimed himself the local ground water guru, He backed up his articles with quotes from a professor he had interviewed on the phone who taught at a university five states away, This professor had spent the past 18 summers of his life consulting for an oil company and studying the theoretical distribution of some kind of prehistoric bug that lived 175 million years ago in a land far, far away. This bug seems to have inhabited swamps that would one day end up as some of today’s prime oil bearing deposits. Kenton wasn’t quite sure whether or not a knowledge of oil transferred over easily to the field of ground water, hut he had his doubts. Anyway, Reed had made some hasty accusations about possible sources for ground water contamination in Jefferson City. Suddenly every local industry and business was defending itself.

Kenton figured it was time to educate himself a bit on the subject and get some help. He started by calling Ed Stearns, the state geologist. One of his staff people is Janet Jenks, a Soil Conservationist now working at the state office. Kenton had gone through his initial SCS training with her 9 years ago. She worked in a much more urban setting, about 30 miles south of Jefferson City, and he knew that she had dealt with this kind of problem. He hoped that maybe she could put him on to some sources of information. She said she could and invited him down to pick up some material.

The next day he drove down and came away with some names of knowledgeable people, two of which were professors of hydrogeology at the nearby university, and two books, a huge one entitled Ground Water and Wells that was supposed to be a pretty complete treatment of the subject and another called The Climatic Water Budget in Environ- mental Analysis by Mather. On that same afternoon he spent an hour or so in the stacks at the university libraly where he found some USGS water supply papers concerning the region and a couple of hydrogeology text books: Groundwater by Freeze and Cherry and Applied Hydrogeology by Fetter. He thumbed through them and although they looked pretty technical, he decided that they were worth looking through on the weekend. If nothing else they may help cure the insomnia he’d bad for the past few weeks!

Well, the first hook Kenton started reading was the hook about water budgets. The other books all started out with chapters on the hydrologic cycle so it seemed like a good place to start. The following week he started to collect as much information as be could about the various parts of the hydrologic cycle in the area. He was really surprised when he realized that he didn’t have to generate any of the data himself. Most of it had already been collected by other agencies and was available on computer readouts, reports, etc. After a couple of afternoons of work he was able to come up with a fairly comprehensive Jefferson City water budget. Sure, it wasn’t perfect and he had to make some broad assumptions to account for gaps in his data, but then that’s something that all scientists do. The important thing was that it shed some light on the amount of ground water in the area.

According to Kenton’s calculations, the Jefferson City region receives approximately 39 inches of precipitation per year. Of that amount approximately 26 inches is lost hack to the atmosphere through evapotranspiration. This leaves about 13 inches of water that may infiltrate into the soil or run off the land surface.

Field measurements of infiltration capacity done by the USGS in the Jefferson City region show that approximately 6 inches of water enters the soil zone each year. Runoff studies indicated that approximately 5 inches of the falling precipitation runs off the land surface.

Figure 3-9 shows Jefferson City’s precipitation plotted with evapotranspiration and runoff over one year. It shows several interesting things. First, it indicates that during July-August, precipitation hits some annual lows, while evapotranspiration is at a high. This means that there is a water deficit during which time the soil moisture supply is being exhausted and recharge to the aquifer is probably also at a minimum. Notice that runoff is low during this time also. During the late winter and spring there is a reverse condition: precipitation is high and evapotranspiration is low. During this period there is a water surplus. This kind of information is useful when adjusting seasonal ground water production schedules, conservation measures, and related data.

By plugging this information into the hydrologic equation presented below, Kenton was able to determine that recharge to the Little Kuma River buried valley aquifer was in the amount of 2 inches per year.

dGW = P - I - E - RO

dGW = 39 - 6 - 26 - 5 = 2
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Only a portion of the recharge that goes into storage, however, can be pumped to the surface. This is because in some years drought conditions will prevail and there will be less water in storage. Also, because of the specific aquifer characteristics and the efficiency of wells, only a fraction of this water will be captured and drawn from the formation. A drought ratio and capture ratio are often applied to express these considerations. In this case, the data provided by the USGS publications indicated that available ground water would probably be an inch or so per year, which is still much more than the ground water demand in Jefferson City.

A graphic representation of Kenton’s water budget for the Jefferson City area is presented in figure 3-10.

Kenton, finally understanding the general quantities of water entering and leaving the system, now bad other questions such as, what determines bow ground water moves through the Jefferson City aquifer and what governs its paths?
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