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SUMMARY: Climatic Network Density Analysis 
Drake and Skaggs, WRRC, University of Minnesota 

Issues 

As a basis for predicting crop yields, water use, and runoff potential, a 
resource manager needs good information about the climate in an area. To 
translate existing information into computer-usable form, and to gather future 
information in an efficient manner, the designers of a water-resources Geographic 
Information System must deal with three fundamental issues: 

1) Intrinsic variability of precipitation. The input of precipitation 
into a local hydrologic system varies greatly, both spatially and 
temporally, over any scale of analysis. Our recommendations 
must make allowances for that variability. 

2) Uneven data sources. Data from the National Weather Service 
(NWS) Cooperative Observer Network are readily available, but 
they vary in spacing and duration of record. In general, these 
data are not adequate for hydrologic simulation on an hourly or 
daily basis. Several specialized precipitation networks have been 
established in recent years, but their frequency, methods, and 
seasonality of observations often do not match those of the NWS. 
Moreover, these data are not always available to other users. 
Our recommendations must make allowances for the lack of 
strict comparability in daily or historic records. 

3) Necessity for relational structure in the GIS. In order to provide 
data for a predictive simulation (such as the Universal Soil Loss 
Equation or the Peak Flood Model), a GIS must relate all data to 
a common coordinate system. When that is done, the simulation 
computer program can get information on climate, soil, slope, 
and land cover at exactly the same point and thus reach a valid 
conclusion about erosion or runoff. 

Findings 

The goal is to build a data base that can describe the climate of Minnesota 
with reasonable precision, facilitate relational use with other data, and allow easy 
addition of data as they become available. To obtain a basis for recommendations, 
we made a series of empirical investigations in two study areas. Our findings 
include the following: 

Correlation-fields analysis of annual precipitation reveals some sharp 
gradients in the southeastern part of the state, especially near 
the Mississippi River, and a greater degree of areal consistency 
in the southwestern part of the state. 

The existing network of observation stations is generally adequate for 
annual measurements in the southwest, but a slightly greater 
density would be desirable in the southeastern part of the state. 

A Kriging method, with a reduced search radius to accommodate 
spatial gradients of precipitation, is the preferred method of 
interpolation between observation stations. 
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lntc<polation cno< fo< annual p<ccipitation is only about 3 pe<ccnt in 
the southwest and between 6 and 16 percent in the southeast. 

l n tc<pola t ion enD< for da it y p.ecipitation exceeded 300 pe.ccnt in 
both study areas, indicating that the NWS network is simply not 
closely spaced enough for hydrologic simulation on a short-term 

basis. 

On the basis of these findings and the results of other investigations, we 

make the following recommendations: 
1) Climatic data should not be stored in grid-eel\ fo<m in a wale< 

resources gcog<a ph ic inf o<mation system. Rathe<, the climatic 
information should be obtained for each application from point
data files that are relevant for the question being investigated. 

Recommendations 

2) The State Climatologist should establish a comprehensive data base 
from all observation networks in the state; in time, data from 

earlier years should be added to it. 
3) The State Climatologist should p<ovidc electronic access to this 

data base; logical access should be by user-specified space 
coordinates, time coordinates, and desired climatic elements (e.g. 
minimum temperature, monthly precipitation, etc.). 

4) A package of p<ograms to prcpa<e climatic data f 0< usc with a GIS 
should be available in the user interface with the State 
Climatologist's data base; this package should include, at the 
minimum, programs to grid data and programs to assign values to 
GIS data cells using simple (unweighted) averaging, Thiessen 

polygons, and isopleth interpolation. 
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CLIMATOLOGICAL NETWORK DENSITY ANALYSIS 

INTRODUCTION 

Janet Drake 
Richard H, Skaggs 

Our principal goal is to provide analysis of the adequacy with which the 
National Weather Service climatological network can describe precipitation in areas 
of moderate size outside of the Twin Cities Metropolitan Area (see Swcrman et al., 
Chapter 5 in this volume). We are interested in the ability of the network to 
describe daily and longer summary periods. 

PRECIPITATION VARIABILITY IN SPACE AND TIME. 

Meteorologists and hydrologists generally recognize the existence of 
relatively large variability in precipitation, both from place to place and from time 
to time. This is especially true of rainfall from individual thunderstorms and 
rainshowers, although annual precipitation also can vary substantially over a short 
distance. Precipitation distribution over fixed areas is of paramount importance in 
hydrology, and particularly in hydrologic modeling, and therefore it is crucial to 
account for the variability in distribution in our data-file structure. Data to 
define this variability in quantitative terms, however, are meager. This paper 
addresses questions of differences in annual precipitation within a region of 
interest, as well as seasonal changes and storm-to-storm variations in precipitation 
received in different parts of the region. 

Huff and Shipp (1968) determined the relative spatial variability of storm, 
monthly, and extended period precipitation in Illinois, in a continental climate 
similar to the climate of Minnesota. Storm variability increases exponentially as 
areal mean precipitation increases. The greater the mean precipitation, the greater 
the variability between storms (of rain dropped from one storm to the next). Great 
variability in precipitation was found among storms, even under apparently similar 
meteorological conditions. Storm variability increases with increasing area and is 
substantially greater with convective types of precipitation (such as thunderstorms) 
than with steady rain or snow. Monthly precipitation variability is greatest during 
summer months (June, July, and August) when convective precipitation 
predominates. The maximum precipitation-gauge density (and thus the minimum 
gauge spacing) is required to accurately map rainfall when it occurs over only a 
small portion of the catchment as in thunderstorm rainfall (Eagleson 1967). 

Three-dimensional plots showing rainfall depths within a region 
demonstrate the changes in the annual precipitation pattern from year-to-year 
(Figure 4-1) and in the daily pattern from storm-to-storm (Figure 4-2). In both 
examples small areas of particularly high and low precipitation do not necessarily 
persist from one year (or storm) to another. 

A further complication arises when we attempt to predict precipitation for 
a future time. Predictions of probable future precipitation amounts are based on 
records of past precipitation and estimates of past precipitation variability. Thus 
history is our key to future events in the the study of climatology. The historic 
climatic record can be an extremely valuable tool for validating hydrologic 
simulation models. However, it cannot be used rclia bly to predict future 
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VARIA Bl LITY IN ANNUAL PR ECIPIT A TIO N, SOUTHWEST MINNESOTA 

Th< p<edpitation pall""' ,.,.,dod om a 10,020 km
2 

(3870 mh "'" of .outhw<'l 
'""""ota fo< th< >"" 1977, 1978, 1979, ond 1980. No •'""'' ,egtonal t«nd in 
annua I pmipita lion i• .,id<nt. Small "'" of padi<uiad y high and low 

precipitation usually do not persist for consecutive years. 

1977 

1978 

1979 

1980 

Figure 4-1 
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VARIABILITY IN RAINSTORM PRECIPITATION, SOUTHWEST MINNESOTA 

The precipitation patterns recorded over a 10,020 km 2 (3870 mi 2) area of southwest 
Minnesota for four separate storms that occurred in different seasons in 1980. 
Each storm's pattern is strikingly different from that of the others. Locations of 
especially high and low precipitation amounts are quite different for each storm. 

Jon u or y 1 4- 1 5 , 1 980 

Morch 5-6, 1980 

J u n e 1 2- 1 4 , 1 980 

Nov e mb e r 1 2- 1 4 , 1 980 

Figure 4-2 
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conditions or even probabilities of future occurrences unless the conditions causing 
the future climate fluctuations have the same variations in range and pattern as in 
the past. 

Rain gauge network density 

Precipitation is measured by prectpttation gauges at irregularly distributed 
points on a landscape. A very dense network of rain gauges would provide the 
best approximation of precipitation at every point, were such a network 
economically and physically possible. However, ubiquitous precipitation 
monitoring is unnecessary for most purposes. Questions of necessary and sufficient 
rain gauge densities become critical in hydrologic modeling. The first step in 
designing a network is to postulate the required accuracy with which precipitation 
must be known. The next step is to seek the minimum network density that will 
ensure that degree of accuracy (Gandin 1970). 

In order to test. various degrees of rain gauge density, we chose the two 
moderately-sized areas outside of the Twin Cities Metropolitan Area which 
currently have t£e densest fauge density. The "Southwest Test Area" occupies 
about 10,020 km (3,870 mi ) in the upper Minnesota River Valley (Figure 4-3). 
Portions of Big Stone, Chippewa, Kandiyohi, Lac Qui Parle, Lincoln, Lyon, 
Redwood, Renville, Swift and Yellow Medicine Counties lie within the study 
region. We plotted the 30-year (1951-1980) mean annual precipitation totals to 
indicate long-term rainfall patterns in the area (Figure 4-4). The mean annual 
precipitation increases by over 4 inches from the southwest corner to the northeast 
corner of the region. However, this gradient is not smooth and regular, but is 
marked by "bumps" of both higher and lower than expected precipitation. 

The "Southeast Test Area" occupies about 9,980 km2 (3,850 mi 2) in the 
southeastern corner of Minnesota (Figure 4-5). It includes all or parts of Dodge, 
Fillmore, Houston, Mower, Olmsted, Wabasha, and Winona Counties. Again, we 
plotted the 30-year mean annual precipitation totals (1951-1980) to indicate the 
long-term rainfall pattern in this part of the state (Figure 4-6). In this case a 
gradient of increasing precipitation toward the southeast can be identified. The 
precipitation pattern in the Southeast is highly irregular and has more distinctive 
local influences than the Southwest Test Area. 

Huff and Shipp (1969), working in Illinois, found that in order to explain at 
least 75 percent of the variance between sampling points, a gauge spacing of 7.5 
miles (a very dense network indeed) was sufficient to describe the total rainfall of 
summer storms (Table 4-1). They also noted that a substantially greater density of 
precipitation gauges is needed in the warm season (May-September) than in the 
colder months of the year (October-April) to maintain any given level of explained 
variance. 

Sixteen daily rain gauges provided nearly continuous daily precipitation 
readings in the period 1951-1980 over the Southwest Test Area (Figure 4-1, bottom). 
The mean distance between those rain gauges is about 18 miles. Five gauges are 
more than 20 miles from the nearest adjacent gauge. This rain gauge density, 
according to Huff and Shipp's work (Table 4-1 ), should allow us to explain less 
than 57 percent of variance in summer with the present National Weather Service 
monitoring network. In winter, the network could explain about 81 percent of the 
variance in storm rainfall. 
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SOUTHWEST TEST AREA 

The Southwest Test Area occupies about 4000 square miles in the upper Minnesota 
River Valley. Portions of Big Stone, Chippewa, Kandiyohi, Lac Qui Parle, Lincoln, 
Lyon, Redwood, Renville, Swift and Yellow Medicine Counties lie within the region. 
The sixteen precipitation gauges shown here provided nearly continuous daily 
precipitation readings in the period 1951-1980 in the Southwest Test Area. The 
average distance between adjacent pairs of gauges is 18 miles. 
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MEAN ANNUAL PRECIPITATION, 1951-1980, SOUTHWEST TEST AREA 

The 30-year (195 1-1980) mean annual precipitation totals indicate the long-term 
annual precipitation pattern in the Southwest Test Area. Mean annual 
precipitation increases quite dramatically from the southwest corner to the 
northeast corner of the region. However, this gradient is not smooth and regular, 
but is marked by bumps of higher-than-expected precipitation as well as troughs of 
unexpected low precipitation. 
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Figure 4-4 
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SOUTHEAST TEST AREA 

The Southeast Test Area occupies about 4000 square miles in the southeastern 
corner of Minnesota, including all or parts of Dodge, Fillmore, Houston, Mower, 
Olmsted, Wabasha, and Winona Counties. The fifteen precipitation gauges shown 
here provided almost continuous daily precipitation readings in the period 1951-
1980. The mean distance between adjacent pairs of gauges is 17 miles. 
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MEAN ANNUAL PRECIPITATION, 1951-1980, SOUTHEAST TEST AREA 

The 30-year (1951-1980) mean annual precipitation totals indicate the long-term 
trend of annual precipitation in the Southeast Test Area. There is a gradient of 
increasing precipitation toward the the southeastern portion of the area. The 
precipitation pattern in the Southeast is more irregular than that of the Southwest 

(Figure 4). 

44.50 

44.00 

43.50 
93.25 

LONGITUDE 

Figure 4-6 
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Table 4-1. Precipitation-gafge spacing required to achieve various percentages of 
explained storm variance (r ) for two seasons, of storms in Illinois. 

Correlation Storm Varian~e 
Coefficient r Explained r 

0.95 90% 

0.90 81 % 

0.85 72% 

0.80 64% 

0.75 57% 

0.70 49% 

Total number of storms 

After Huff and Shipp (1969). 

Needed Precipitation-Gauge Spacing 
May-September October-Apr i I 

2 miles 6 miles 

5 miles 18 miles 

8 miles > 20 miles 

12 miles 

17 miles 

> 20 miles 

629 654 

Fifteen daily rain gauges provided nearly uninterrupted records within the 
Southeast Test Area between 1951 and 1980. The mean distance between adjacent 
pairs of gauges is 17 miles. In four instances, the nearest neighbor gauge is more 
than 20 miles. According to Huff and Shipp's conclusions, this gauge network 
should also be able to explain less than 57 percent of the variance in summer storm 
rainfall and about 81 percent of the variance in winter storm precipitation (Table 
4-1 ). 

Huff (1970a) developed guidelines for the establishment of precipitation
gauge networks in the Midwest and other areas of similar precipitation climate. 
He found that thunderstorms, for example, required twice as many gauges as were 
needed to achieve the same level accuracy for steady rainfall events. Sampling 
requirements for monthly and seasonal precipitation totals were substantially lower 
than for individual storms. With a sampling density of 200 square miles per gauge, 
Huff found the average sampling error was less than 5 percent for the entire range 
of seasonal rainfalls. However, such precipitation-gauge densities for moderate
sized areas exist only rarely outside the Twin Cities Metropolitan Area of 
Minnesota. 

Precipitation gauges in greater Minnesota are more sparsely distributed than 
in the Twin Cities Metropolitan Area. In densely monitored rural areas, data 
probably are adequate for estimating monthly and annual regional total 
precipitation. On a daily basis, however, rainfall varies so greatly over even very 
small areas that any estimates of daily precipitation arc likely to be erroneous. 
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Correlation fields analysis 

One approach to defining sampling requirements for precipitation 
measurement networks is through statistical correlation methods. The degree of 
correlation between sampling points and a central "control" gauge in a 
precipitation-gauge network can indicate roughly the density and arrangement of 
gauges needed over the watershed. An elliptical shape of the correlation response 
surface about a control gauge is characteristic; the orientation of these elliptical 
response surfaces may reflect the direction of atmospheric moisture flux into the 
region. For daily data, Hendrick (1970) found that the correlation field about a 
control gauge depends on the distance between stations, the daily rainfall, and the 
season. He then derived a correlation field function which he used to determine 
precipitation-gauge density and configuration required for specified accuracy of 
watershed precipitation estimates. 

Correlation fields analyses of annual precipitation totals reveal some sharp 
gradients in the southeastern test area, especially near the Mississippi River, and a 
greater degree of areal consistency in the southwestern test area (Figures 4-7 and 4-
8). These results suggest that the central gauge is more representative of whole
area rainfall in the Southwest than in the Southeast. 

Huff (l970b) investigated the correlation decay with distance for rainfall 
rates. Working with warm-season storms, he found that within less than 2 miles in 
al~ directions, the average correlation decreased to 0.80, or an explained variance 
(r ) of 64 percent. When he examined totals for storm rainfall (as opposed to 
rainfall rate measurements) the correlation improved substantially. 

Estimating precipitation at a point 

Terrain effects are often important controls of precipitation differences 
within small areas and may need to be considered in network analyses. In some 
areas of uniform meteorological conditions and exposure, precipitation increases 
systematically with elevation. Such a relationship can be used to construct an 
isohyetal map or average values for an area (Dunne and Leopold 1978). The 
relationship between preCIPitation and physiographic characteristics of the 
measuring sites can be defined with multiple regression analysis and the resulting 
equation can be used to estimate precipitation for grid-point locations. Our 
analysis of rainfall and elevation for the two test areas, detected no elevation 
influence, and thus it was unnecessary to remove any elevation effect from the 
data, or to consider topography in the network analyses. 

To test the influence of the rain gauge network density on our ability to 
estimate unmeasured precipitation at a point, we removed gauge data at random 
from the network, and attempted to estimate precipitation at a known "control" 
station. We considered the control station at the approximate center of the area to 
be the "true" precipitation and its record was compared with any estimate made 
using the remaining gauge data without that control point's data. The percentage 
difference between the two values represented the error level of the estimate made 
using the interpolation technique adopted. 

We used a Golden Software, Inc. ( 1985) graphics package, run on a personal 
computer, for our analyses. The system is a menu-driven, largely interactive set of 
programs, which first create a regularly spaced grid from the irregularly spaced 
precipitation data. This gridded data can then be contoured and plotted as a 
contour map or as a contoured surface plot. 
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CORRELATION FIELD AROUND MONTEVIDEO, SOUTHWEST TEST AREA 

One approach to evaluating precipitation gauge density is to examine the degree of 
correlation between precipitation at a central "control" gauge and precipitation 
recorded at near.by gauges. Here, Montevideo was the control gauge for the 
Southwest Test Area. We plotted the Pearson product-moment correlation 
coefficients between annual precipitation at surrounding gauges and at Montevideo 
for the period 1977-1980. The correlation field shows great areal consistency. 
Precipitation at gauges located far from Montevideo was very highly correlated 
with precipition at the control gauge. In most cases, more than 93 % of the 
variation in annual precipitation at outlying gauges could be explained by variation 
in precipitation recorded at Montevideo. 
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CORRELATION FIELD AROUND ROCHESTER, SOUTHEAST TEST AREA 

For the Southeast Test Area, again we examined the degree of correlation between 
precipitation at the "control" gauge (Rochester) and precipitation recorded at 
surrounding gauges. We plotted the Pearson product-moment correlation coefficients 
between annual precipitation at Rochester and at each of the fourteen other 
locations. The correlation field reveals some sharp gradients, particularly near the 
l\1ississippi River (upper portion of the diagram), where the correlations drop off 
dramatically to less than 0.20. 
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Figure 4-8 
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We were able to estimate annual precipitation quite wcli (3 percent error in 
the southwest, 6-16 percent error in the southeast) using one-fourth of the rain 
gauges, chosen at random, in each test area. In contrast, estimation of storm 
precipitation using the entire network data set was very poor. For example, a 
rainfall event recorded over the period June 12-14, 1980, at almost all stations 
within the southwest test site, showed great differences in precipitation (Figure 4-
2). We attempted to estimate precipitation at the Montevideo rain gauge location, 
based only on precipitation records at the fourteen other stations in the area. The 
resulting estimate of 0.58" was extremely poor, almost three and one-half times as 
much as the 0.13" actually recorded at Montevideo. 

A kriging method of interpolation between observation stations, with a 
reduced search radius to accommodate spatial gradients of precipitation, produced 
the best estimates of control point precipitation for both annual totals and storm 
rainfall. For a more detailed discussion of the kriging method sec Nieber and 
Lopez Bakovic (Chapter 8 in this volume). 

Derivation of areal estimates of precipitation from point observations. 

The usefulness of a rain gauge in estimating rainfall over a broader area 
depends on the time period of the estimate (hourly, daily, monthly, or annual 
values) and the nature of precipitation distribution in that area. The longer the 
summary period, the better the estimate is likely to be. Finally, the more 
uniformly distributed the precipitation in an area, the more adequately the data 
for a single gauge will be for estimating the precipitation for the entire area. 

Data from the National Weather Service (NWS) Cooperative Observer 
Network are readily available, but they vary in location, in time of observation, 
and duration of record. Once the temporal inconsistencies in the record have been 
smoothed out, the it is necessary to translate data from the observation points to 
sub-units of the watershed to be modeled. The methods for doing this are 
described below. 

The irregular point sampling nature of precipitation makes it necessary to 
derive areal estimates of precipitation from scattered rain gauge locations. From a 
hydrologic forecasting and planning point of view, the uncertainties that arise in 
estimating the precipitation falling onto a drainage basin from measurements at 
only a few rain gauges in and around the area are extremely important. An 
accurate assessment of areal rainfall is basic to rainfall-runoff or other water 
balance models. Many hydrologic analyses concerning water supply and floods 
require an estimate of the average depth of precipitation over a drainage basin 
during a storm, a year, or some other period (Dunne and Leopold 1978). In the 
case of a geographic information system (GIS), rainfall values must often be 
entered in a regular, gridded format. The interpolation techniques themselves are 
usually based on a grid, so that precipitation values can be derived for every grid 
square. This is advantageous for application to distributed elements models (See 
Gersmehl and Brown, Chapter 2 in this volume). Many methods have been 
proposed and applied for estimating areal average precipitation that are required 
for lumped models. Figure 4-9 illustrates the three most important methods: 
averaging, Thiessen weights, and isohyetal methods. 

The simplest method is to take an arithmetic average of precipitation values 
recorded at gauging sites in the watershed. An arithmetic mean will suffice in 
regions of moderate relief having general, cyclonic rainfall where precipitation 
gradients are not strong. 
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METHODS OF COMPUTING AREAL AVERAGE PRECIPITATION 

(a) 

173 
• 

(b) 

(c) 

(a) Basin outline with rain gauge 
locations and measurements. The most 
basic computation method is to average 
all preci pita tion measu rem en ts in the 
watershed of interest. 

(b) Calculations of Thiessen weights. 
Join neighboring gauges by dashed lines, 
then draw perpendicular bisectors (solid 
lines) for each dashed line. The bisectors 
meet to form a polygon around each 
gauge. Measure the area of each polygon 
within the drainage basin and express it 
as a decimal fraction of the total 
drainage basin area. Use this number as 
the weighting factor for the measured 
rainfall in that polygon. Multiply the 
rainfall at each gauge by its appropriate 
fraction of the basin area. Add together 
the products for each gauge to form the 
Thiessen-weighted average for the whole 
basin. 

(c) The isohyetal average is obtained by 
contouring precipitation values. Measure 
the area between two adjacent con tours 
(isohyets) and express it as a decimal 
fraction of the drainage basin area. The 
average precipitation for the area 
between two isohyets is the mean of the 
isohyetal values; weigh this mean by the 
fractional area between the contours. 
Sum the area-weighted precipitation 
values to obtain the isohyetal average 
precipitation for the basin. [After Dunne 
and Leopold, 1978). 

(The numbers represent storm rainfall totals as measured at rain gauges, in 

hundredths of an inch.) 

Figure 4-9 
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The Thiessen method weighs each gauge according to the portion of the area 
closest to each station. Neighboring gauges on a map are joined by dashed lines, 
and perpendicular bisectors (solid lines) are drawn for each line. The bisectors 
meet to form a polygon around each gauge. The area of each polygon within the 
drainage basin is measured and expressed as a decimal fraction of the total 
drainage basin area. This number is used as the weighting factor for the measured 
rainfall in that polygon. The rainfall at each gauge is then multiplied by its 
appropriate fraction of the basin area, and the products for each gauge are added 
together to form the Thiessen-weighted average for the whole basin. 

Thiessen polygon areas can be measured manually with a planimeter or by 
using a dot-grid overlay. Diskin (1970) presented an "improved" method for 
evaluating the Thiessen weights by a digital computer. Using his method, one 
covers the area of the watershed with uniform, equally spaced test points on a 
rectangular grid and assigns each such point to the nearest rain-gauging station. 
The number of points assigned to any station relative to the total number of points 
that fall inside the watershed boundaries gives the weight of the station. This 
procedure was fast and gave accurate results. Diskin's program provides for 
carrying out multiple sets of computations with increasing numbers of points, until 
the change in the weights from one set to the previous set is less than a specified 
value. 

The Thiessen-weighted average is a better measure than the arithmetic 
average in places where the gauge distribution is not uniform and where 
precipitation gradients are strong. 

The isohyetal method can take into account strong precipitation gradients 
caused by topography or by thunderstorm cells. The isohyetal average is obtained 
by contouring precipitation values as shown in Figure 4-9. The area between two 
adjacent contours (isohyets) is then measured and expressed as a decimal fraction 
of the drainage basin area. The average precipitation for the area between two 
isohyets is the mean of the isohyetal values, and this mean is weighted by the 
fractional area between the contours. The area-weighted precipitation values are 
then summed to obtain the isohyetal average precipitation for the basin (Dunne 
and Leopold 1978). 

The Thiessen method has the advantage of simplicity while the isohyetal 
technique often provides a better representation of the rainfall distribution 
(Chidley and Keys 1970). Both Thiessen and isohyetal methods are time-consuming 
and yield answers close to the arithmetic mean unless the spatial distribution of 
rain gauges is not uniform or if there are strong precipitation gradients. The 
Thiessen and isohyeta1 methods are also useful in portraying and quantifying 
spatial patterns of precipitation, which can be more important than areal averages 
in water-resource management (Dunne and Leopold 1978). 

Accuracy and precision of precipitation estimates 

The validity of areal precipitation estimates will vary widely. 
Determination of the reliability of an estimate will often be as important as 
obtaining the result itself. In questioning the validity of the result, one should 
consider both the accuracy and the precision of the result. The accuracy of the 
areal precipitation estimates depends on a number of factors, among them the 
peculiarities of the precipitation pattern, physical conditions, the size of the area, 
the number and location of the measurement points, and the measurement methods. 
By successively thinning the precipitation gauge network one can assess the 
accuracy of the estimated mean, depending on the number of observation points or 
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on the distance between them. Alternatively, one could specify the required 
accuracy with which precipitation must be known, then look for the minimum 
network density that will ensure that degree of accuracy. The time period of the 
investigation becomes critical, because for a given precipitation-gauge density, the 
accuracy of areal rainfall estimates increases with the time unit (hour, day, month, 
year) over which the data are summed. For example, estimates of total monthly 
precipitation will be more accurate than estimates of daily precipitation, a~ 
discussed earlier in this paper. 

The precision with which the rainfall of an area can be estimated depend! 
upon the density of the gauge network and the size and type of storm event 
Sparse gauge networks tend to underestimate maximum amounts and intensitie~ 
and, if the record is short, they can grossly underestimate rainfall characteristic: 
required for planning soil conservation practices, culverts, and other structure 
(Dunne and Leopold 1978). 

Huff (1970b) studied the distribution of midwestern warm-season storm! 
He concluded that the spatial variability of rainfall rates is frequently so grea 
within and between convective storms that the rain gauging equipment an 
operational requirements for accurate rate measurements may be prohibitive fc 
most users when sampling areas are 100 square miles or greater. Consequently, h 
suggested the use of radar in combination with recording gauges as a possibl 
solution to the measurement problems, especially for examination of storm event 
It is still very difficult to obtain both accurate and consistent precipitation rat1 
and areal distributions from radar reflectivity. 

Neither the rain gauge density nor the correlation field in an area is 
sufficient basis for evaluating the validity of a precipitation estimate. Kelw! 
(1974) found that the nature of the rain gauge distribution pattern w 
significantly determine the efficiency of the gauge network in providing accura 
point values. The actual number of gauges will be of only secondary importan< 
Hendrick and Comer's (1970) brief analyses indicate that substantial errors w 
occasionally occur when a precipitation-gauge is used to estimate rainfall at 
nearby point regardless of the high correlation that may exist between rainfall 
the two points. They recommend that a precipitation-gauge network design f 
minimizing absolute values of errors at any point in a watershed should be bas 
on criteria other than the areal correlation fields. 

The regional nature of Minnesota's precipitation 

Another approach to precipitation estimation involves not ar 
interpolation but identification of homogeneous areas within which precipitat 
at any point (rain gauge) can be called representative of precipitation over t 
entire area. In other words, we sought to identify those regions in which ann 
precipitation is relatively uniform and, on the other hand, those regions in wh 
annual precipitation varies greatly over a relatively small area. Where t( 
precipitation varies little over a small area (that is, where there is a w 
precipitation gradient), we can assume that point measurements of precipitation 
representative of regional precipitation, or of precipitation at any other p1 
within the region. A relatively sparse rain gauge network may suffice in tl 
"homogeneous" areas. In those places where the precipitation varies markedly < 
a small area, more dense monitoring will be required for estimates of p 
precipitation. Furthermore, we must exercise care in choosing the direction 
distance to gauges that might be used for interpolation purposes. 
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In order to determine those places where the precipitation gradient is strong 
and thus where more rain gauges are needed -- we undertook a statistical 

analysis of the precipitation record. Sixty-eight meteorological stations (including 
one at Fargo, North Dakota) have continuous daily records over the period 1951-
1980 (Figure 4-10). Annual precipitation values at each station were used as 
variables in a factor analysis of precipitation over those 30 years. 

Factor analysis can be used to reduce a large number of variables to a 
smaller number of statistically independent variables (called factors), each of 
which is linearly related to the original variables. These factors can then be used 
to summarize the data. In this case, the first four factors explained 73 percent of 
the variance in precipitation. The factors correspond to specific locations: Factor 
Factor I to northwest Minnesota , Factor II to a broad portion of the northeast 
quarter of the state, Factor III to the south west, and Factor IV corresponds to 
southeast Minnesota. These factors have been mapped (Figure 4-10) to show areas 
of homogeneity, or inhomogeneity, and of overlapping influences. 

In each of the four areas of homogeneity, the mean 30-year precipitation 
values were relatively constant over that area. It would not be unreasonable, then, 
to assume that annual precipitation measured at a point (rain gauge) in one of 
those regions would provide a fair representation of precipitation elsewhere in the 
region. 

Areas of inhomogeneity, where annual precipitation did not load highly on 
any of the factors, occur in two distinct regions. The largest occurs in the extreme 
northeast, including Cook County, most of Lake County, and parts of St. Louis, 
Itasca, and Koochiching Counties. The second area of inhomogeneity is in west 
central Minnesota, and encompasses parts of Becker, Clay, Ottertail, and Wilkin 
Counties. In both these areas, we suggest a denser rain gauge network and careful 
choice of any "representative" gauge for areal estimation. 

Areas of overlap appear most prominently in south central Minnesota, where 
several gauges load highly on both Factors III and IV. It would be impossible to 
ascertain which factor exerts dominant influence. In areas of overlapping 
influence, we suggest a denser rain gauge network is needed to estimate 
precipitation at unmoni to red points. 

Unfortunately, we have no way of knowing if these areas of past 
homogeneity will remain homogeneous in the future. Because the boundaries of 
each homogeneous influence region are quite rough shown in Figure 4-10, we 
suggest denser monitoring in these areas of transition from dominance of one 
factor to that of another. 

It should be noted that this study of annual precipitation cannot be used to 
infer densities needed for shorter data summation periods. And in fact the density 
of gauges is seldom a limiting factor for calculating annual values for Minnesota. 

DATA ACCESS 

The State Climatologist (currently James Zandlo) has begun to construct a 
comprehensive climatological data base. We recommend that his work be supported 
and supplemented. The supplements should include standard and user transparent 
methods of accessing the data base and transforming the available time and space 
point data into geographic information system files. In the following we discuss 
the access and transformation facilities that seem to be necessary. 
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A REGIONALIZATION OF ANNUAL PRECIPITATION 

A factor analysis of annual precipitation totals recorded at 68 rain gauges 
scattered throughout the state over the years 1951 to 1980 provided the statistics 
for this regionalization of annual precipitation around the state. Annual 
precipitation was fairly uniform within each of Regions I, II, III, and IV. It would 
not be unreasonable to assume that annual precipitation measured at a rain gauge 
in any of those regions would provide a fair representation of precipitation 
elsewhere in that area. In several places, these "regional influences" overlap. It 
would be inadvisable to estimate precipitation in these areas based on a single 
gauge's record. Three areas of the state (the extreme northeast, portions of 
Sherburne, Isanti, and Chisago Counties, and a region covering parts of Clay, 
Wilkin, Ottertail and Becker Counties are regions where no regional influence is 
apparent. In these places, precipitation estimates will be dubious, and denser 
monitoring should be arranged. 

Homo&eneous Areas 

~ Areas of overlapping Influences 

• Areas where generalization Is Impossible 

Figure 4·10 
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Access can be thought of in two distinct ways, physical access and logical 
access. Physical access means the ability to enter electronically a climatological 
data base and acquire the relevant information. This type of access requires that 
the State Climatologist establish and maintain an online climate data base for 
Minnesota and surrounding areas. The data base must be available to users 
directly through telephone or direct wire connections. The hardware and software 
should be capable of serving multiple users. 

Logical access to the data base involves user specification of spatial, time, 
and climatic element arguments on the basis of which the software retrieves the 
data that meet the user needs. We deal briefly with the desirable characteristics of 
each of the logical specifications starting with spatial location. Ultimately, the 
location is cast in the UTM coordinate system for consistency with our other 
recommendations. However, several modes of initial inquiry by the user should 
be supported. These include: return all observations within an area specified by an 
arbitrary polygon whose vertices are given in longitude and latitude or UTM 
coordinates; return all observations within an area specified by a legal description 
in the Public Lands Survey System; return all observations within political 
subdivisions such as counties, townships, minor civil divisions, and so forth. 

Location in time has two components, both of which should be specified by 
the user. The first is the period over which observations are summed or 
averaged, e.g., hour, day, month, year, and so forth. The second time component 
is the length of record required, e.g., one day, several days, a month, several 
months, and so on. The final logical specification is the element or variable 
needed. A comprehensive menu of variable types should be supplied to the user, 
e.g., maximum temperature, mmtmum temperature, mean temperature, wind 
direction, wind speed, solar radiation, sunshine intensity, humidity, and soil 
temperature are examples of data that may be available. It is, however, very true 
that temperature and precipitation data will be the most the most common data 
available. 

The access system should allow the user to find the maximum number of 
observations available that meet the logical specifications provided. For example, 
an investigator interested in data to drive a simulation of a flash flood event in a 
drainage basin of less than one square mile should be able to learn what hourly 
precipitation data are available for that square mile on the day in question. Most 
of the time the answer to this particular question will be "none", but the user 
should be able to determine quickly and accurately what the answer is. 

After the user has acquired the list of observations available that meet the 
space/time/element requirements set by the user, an option to transform the data 
should be available to a geographic information system file. In virtually all cases 
the GIS file structure should be raster based. The ground size of the raster cells 
should be configurable by the user. The point climatological data must be 
transformed to areal data. As discussed earlier in this chapter, the three basic 
choices are: simple average of the point data available, averages weighted by 
Thiessen polygons, and isohyetal interpolation. In each case the raster cells are 
assigned based on the interpolation requested. In the case of the isohyetal 
interpolation it will be necessary to grid the climatological data first and then 
construct the isohyets. The unweighted and Thiessen weighted averages do not 
require gridding prior to transformation to the raster cells. However, we generally 
feel that a flexible gridding option should be available so that users can retrieve 
uniformly spaced gridded data rather than areal data if such a format is better 
suited to the particular research question. 
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The computer programs to implement the climate data base storage, acquire 
the data from the data base, or interpolate to a GIS file structure now need to be 
developed. The State Climatologist is developing the data base. Every effort 
should be made to coordinate the development of the data base, the physical and 
logical access to the data base, and the required interpolations and transformations 
to raster GIS files through the office of the State Climatologist. 

We recommend that most climatic data not be stored in a geographic 
information system file structure. Climatic data are the penultimate point data. 
Atmospheric variables are constantly changing in time and space. Climatic data 
arc strictly valid for a particular location and a particular time period over which 
the observations have been averaged or summed either explicitly or implicitly. 
Furthermore, the network of observation sites has constantly changed and will 
continue to do so. Thus, it seems most reasonable to recommend a climatic data 
base that can be accessed to construct the geographic information system files as 
required or best suited for a particular study. 

The exceptions to this recommendation are those data sets that are likely to 
remain constant or are likely to have multiple uses before there are significant 
changes in the data. Examples include variables such as the rainfall intensity 
factor used in erosion modeling or long-term average precipitation. 

CONCLUSIONS 

Correlation fields analysis of annual prec1p1tation reveals some sharp 
gradients in the southeastern part of the state, especially near the Mississippi 
River, and a greater degree of areal consistency in the southwestern part of the 
state. 

The existing network of observation stations is generally adequate for 
annual measurements in the southwest, but a slightly greater density would be 
desirable in the southeastern part of the state. 

A kriging method, with a reduced search radius to accommodate spatial 
gradients of precipitation, is the preferred method of interpolation between 
observation stations. 

Interpolation error for annual precipitation is only about 3 percent in the 
southwest and between 6 and 16 percent in the southeast. 

Daily rainfall varies so greatly over even very small areas that any 
estimates of daily precipitation are likely to be large. Interpolation error for daily 
precipitation exceeded 300 percent in both study areas, indicating that the 
National Weather Service network is simply not closely spaced enough for 
hydrologic simulations on a short-term basis and must be supplemented by data 
from other special networks (Swerman et al., Chapter 5 in this volume). 

In four regions of the state, annual precipitation can be considered 
homogeneous. Annual precipitation measured at any gauge within each of those 
regions should provide a reasonable estimate of precipitation at any other point in 
the region. ln other parts of Minnesota, annual precipitation must be more closely 
monitored or else it will be difficult to estimate regional precipitation based on 
one rain gauge's data. 

We recommend that access to most climatic data not be through GIS files, 
but rather through a climatic data base that can be accessed to construct the 
geographic information system files as required and tailored to a particular 
application. 
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SUMMARY: Precipitation Data for a Water Resources GIS 
Swerman, Ruschy, and Baker, WRRC, University of Minnesota 

Issues 

As a basis for predicting crop yields, water use, and runoff potential, a 
resource manager needs good information about the precipitation input to a local 
hydrologic cycle. To translate existing information into computer-usable form, and 
to gather future information in an efficient manner, the designers of a water
resources Geographic Information System must deal with three fundamental issues: 

I) Intrinsic variability of precipitation. The input of precipitation 
into a local hydrologic system varies greatly, both spatially and 
temporally, over any scale of analysis. Our recommendations 
must make allowances for that variability. 

2) Data requirements for hydrologic simulation. Computer programs 
have become fairly effective in predicting floods from small 
watersheds, but they require input data at a fine spatial and 
temporal resolution. 

3) Necessity for relational structure in the GIS. In order to provide 
data for a predictive simulation (such as the Universal Soil Loss 
Equation or the Peak Flood Model), a GIS must relate all data to 
a common coordinate system. When that is done, the simulation 
can get information on climate, soil, slope, and land cover at 
exactly the same point and thus reach a valid conclusion about 
erosion or runoff. 

Findings 

The goal is to build a data base that can describe the precipitation patterns 
of Minnesota with reasonable precision, facilitate relational use with other data, 
and allow easy addition of data as they become available. To obtain a basis for 
recommendations, we made a detailed evaluation of the existing observation 
networks. Our findings include the following: 

Data from the National Weather Service (NWS) Cooperative Observer 
Network are readily available, but the stations are unevenly 
spaced and their records are of unequal duration. In general, 
these data are not adequate for hydrologic simulation on a short
term basis. 

Several specialized precipitation networks have been established in 
recent years, but they vary more widely than the NWS in time 
and methods of observation; some of these networks function 
only in summer. 

The greatest density of precipitation observation stations is in the 
Twin Cities metropolitan area. 

The existing network of observation stations is generally adequate for 
annual measurements in the southwest, but a greater density 
would be desirable in the southeastern part of the state. 

Differences in observation time, variations in observation practice, 
and occasional observer error make it all but impossible to 
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analyze individual precipitation events unless they are separated 

by several days. 
The number of stations making hourly precipitation observations is 

extremely small and their spatial distribution is very uneven. 
Even so, the mass of data generated by these stations is difficult 
to use. The lack of accessible data for particular locations is one 
of the major limitations on hydrologic simulation in Minnesota. 

For the most part, the computer data base of the State Climatologist 
contains only measurements that were made since 1972. 

Recommendations 
On the basis of these findings and the results of other investigations, we 

make the following recommendations: 
1) The data base of the State Climatologist should be kept up to date, 

and data from earlier years should be added to it. 

2) The State Climatologist should provide electronic access to this 
data base; logical access should be by user-specified space 
coordinates, time coordinates, and desired climatic elements [see 

Chapter 4 for details]. 
3) Programs to prepare precipitation data for use with a GIS should 

be available in the user interface; these programs should include 
routines to grid data and several options for assigning values to 
GIS data cells, including simple (unweighted) averaging, Thiessen 

polygons, and isopleth interpolation. 
4) Establishment of a "floating" network of hourly precipitation 

gauges would be desirable if we would like to refine our flood-

forecasting ability. 
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Background of climatological network development 

The first precipitation station in Minnesota was established in 183 7 at Fort 
Snelling. It was part of a program initiated much earlier by Thomas Jefferson in 
1803, who apparently was interested in the natural history of the Louisiana 
Purchase Territory. His interest led to the scientific expeditions of Lewis and 
Clark, 1803-1806, and another in 1805 led by Lt. Zebulon Pike who obtained land 
from the Indians for the Fort Snelling site, and another in 1806 led by Thomas 
Freeman along the Red River of Texas that actually made daily weather 
observations (Flores, 1984; Hanson, 1918). 

The first weather service observations amounted to a "diary of the weather", 
according to an order issued by the Surgeon General of the Army dated 1814 
(Landsberg, 1964). This duty of recording the weather fell to the local surgeon or 
chief medical officer of each post (Ludlum, 1968). An objective was to know more 
about the climatic conditions facing the troops in the interior of the continent. 
Immediate compliance with the orders was delayed due to the War of 1812 
(Hughes, 1970). At Fort Snelling the temperature record began in October, 1819, 
and the precipitation record in 183 7 (Baker et al., 1985). 

Weather records were maintained by the Surgeon General of the Army until 
1870, at which time the responsibility was transferred to the Signal Corps of the 
U.S. Army. This was an appropriate move because use of the information was 
greatly dependent upon a communication system to transfer the data. 

In 1891 the weather service was transferred to the U.S. Department of 
Agriculture and became the U.S. Weather Bureau. The importance of weather and 
climate to agriculture is obvious. The weather service expanded greatly at this 
time as climatological observation sites increased in number and moved from 
military sites to farms and small towns. Most were maintained by volunteer 
observers. 

The Weather Bureau was transferred from the Department of Agriculture to 
the Department of Commerce in 1941. This move was made with the argument 
that the aviation industry required these services more than agriculture. The 
Weather Bureau name was dropped in favor of National Weather Service (NWS) in 
1972. 

The climatological network established years ago by the federal government 
is still maintained by the National Weather Service. The vast majority of the 
observers within this network arc volunteers. The NWS provides the volunteer 
observers with the necessary equipment. The equipment service and observer-site 
maintenance is the responsibility of a weather service field technician. Currently 
(1987) this duty is performed in Minnesota by Mr. William Spencer, who works out 
of the NWS Airport office located at the Minneapolis-St. Paul International 
Airport. As with other climatological records throughout the United States the 
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NWS Minnesota network records are on tape or microfiche housed at the National 
Climate Center, Federal Building, Asheville, NC. 

It has become evident that the National Weather Service climatological 
network in Minnesota is not adequate to map precipitation patterns for individual 
storm events. At first glance, the approximately 170 precipitation observation sites 
may appear adequate, but for Minnesota, with an area of approximately 84,000 
square miles, each station represents an average of nearly 500 square miles. 
However the distribution is not uniform in space and the average for the northern 
portion of the state may be as much as one gauge per 1000 square miles. 

Baker and Kuehnast (1973) estimated that one gauge per 57 square miles 
was necessary in the Twin Cities area to adequately map summer precipitation. 
Estimates from other studies suggest a range from 70 to 112 square miles per gauge 
(Beebe, 1952; Causey, 1953). Drake and Skaggs report that seasonal precipitation 
requires gauge densities of about one gauge per 200 square miles (Chapt 4 in this 
voiume). Thus the NWS cooperative network density of 1 gauge per 500 square 
miles is clearly inadequate for many purposes. During the past twenty years, there 
has been a concerted effort in Minnesota to establish denser precipitatior 
networks to overcome these problems and better define the precipitatior 
climatology of the state. 

Purpose 

The purpose of this chapter is to provide information on the types o 
precipitation data for Minnesota that could be used for a variety of water resourc 
simulations and investigations. Although these data are of enormous use in GIS 
based water resources analyses, they should not be archived in that format becaus 
of the cost of data storage and difficulty in updating (See Chapters 2 and 4). 

We shall first explain the nature of precipitation data, describe th 
characteristics of twelve formal precipitation collection networks, and illustrate th 
geographic pattern of each network. 

OBSERVATIONS AND DATA STORAGE 

The precipitation records available in computer files for each of tl 
networks include both daily and monthly totals of precipitation. Daily totals a 
recorded to the nearest 0.01 inch, and a total less than 0.005 inch is noted as 
trace (T). Except for the NWS network, occasional exceptions in the recording 
daily precipitation are found in the records as, for example when an observer w 
absent during a precipitation day. When such events occur, the observer has be 
instructed to note the absence period and indicate the total in the gauge up 
return to duty. Frequently the timing of the precipitation can be determined 
comparison with records from neighboring stations. This is a necessary proccdl 
because the DNR network observers, for example, often do not make wceke 
observations. 

Problems might arise with the data if there was significant evaporation 
water from the gauge. However, tests made by Mr. Kuehnast with the plastic t) 

gauge used by most observers indicate that the evaporation loss from this type 
gauge is very slight even over a period of several days. As a result 
precipitation totals that arc recorded, following even a several day absence, can 
accepted. 
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The precipitation observation made by the volunteer observer is taken at a 
regular time each day, but the time varies from observer to observer according to 
their convenience. These variations in the observation times among locations can 
influence the day on which a precipitation total is reported, making it an 
important consideration in short-term precipitation analyses. For example, assume 
a shower occurred between 9-11 AM on 6 June over a part of St. Paul where there 
are 3 observers. One observer reads the gauge at 7 AM, another at 10 AM and a 
third at 5 PM. The 7 AM observer would not record the event until 7 AM on 7 
June. The second observer in reading the gauge at 10 AM would record some rain 
on 6 June, and, because the shower continued after the 10 AM observation, a 
portion of the same storm would be recorded on 7 June. The third observer, who 
takes an observation at 5 PM, would record the entire event as having occurred on 
6 June. As a result the same precipitation event could be recorded by the three 
observers as having occurred as three quite different events. The problem of a 
single-event precipitation amount being recorded on or split between the two days 
is termed "day spreading". 

In the non-National Weather Service networks roughly one-fourth of the 
observers do not indicate the time at which an observation is taken. This, of 
course, means that confusion can occur in interpreting the data. Another source of 
confusion, in spite of instructions to the contrary, is the date on which the 
precipitation is recorded. The observation is intended to indicate the amount of 
precipitation which has fallen in the previous 24 hour period, and is to be dated as 
the time of observation - not when the precipitation may actually have fallen. 
However, there are a few observers who attempt to record the precipitation on the 
day it actually fell rather than the date of the observation. There are also 
observers who record the observations correctly until the end of the month, but if 
precipitation falls on the last day it will be recorded on that day, rather than 
keeping to the date dictated by the observation time. This practice may not be 
evident in the records. There has been no attempt to correct these errors in the 
data. 

Data recording problems create some difficulties in using these data in 
event simulations. For analysis of specific precipitation events we suggest that the 
user select events that are temporally isolated by one to three days of no 
precipitation. This minimizes but does not eliminate the effect of "day spreading", 
which can cause overlapping of individual events. 

Retrieval of data for the correct gauge location requires that they be 
archived in an unambiguous way. All of the precipitation data archived by the 
State Climatologist have been indexed so they can be precisely located. The 
records of each station are given a legal description that includes the county, 
township, range, section number, network type, and observer name (CTRSTN). The 
counties are numerically indexed in alphabetical order, with Aitkin county as 
number I, and Yellow Medicine as number 87. To reduce the boundary effects, 
records for locations in the surrounding states of Wisconsin, Iowa, South Dakota, 
and North Dakota are also maintained and indexed as "counties" 90, 91, 92, and 93, 
respectively. All township locations are north (N) and ranges are west (W), with 
the exception of ranges in the eastern half of Cook county in far northeastern 
Minnesota, which are east (E). Data storage and handling costs prevent indexing 
station location to an area smaller than a section (one square mile). 

As an example the format of the CTRSTN location index system for the 
University of Minnesota St. Paul campus station is as follows: 62 029 23 21 02 
UOFM STP. It is read as County 62 (Ramsey); Township 029 N; Range 23 W; 
Section 21; (Up to this point the station has been located within a I square mile 
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area); 02 is the number of the network to which this station belongs, in this case 
the NWS Cooperative Network; UOFM STP is for specific identification of the 
observing site. In the NWS network this is a town or city name, but in the other 
networks it is usually the observer's name. 

In order to map the data, the CTRSTN locations are converted to Coulton 
map coordinates, which are named for Mr. James Coulton who established the 
mapping system used. The Coulton coordinates are distances in tenths of miles 
north and east of an established reference point. This point is located 35 miles 
WSW of Sioux Falls, SD. The coordinates from this point allow the entire state and 
portions of the neighboring states which border Minnesota to be laid out in an XY 
grid format. The resolution of the data values when plotted is one mile. 

The following is a description of the networks that have been developed to 
supplement the NWS Cooperative Observer network. The precipitation observations 
referred to are on computer file at the State Climatology Office, University of 
Minnesota, St. Paul. 

THE NETWORKS 

The geographic distributions of these networks differ widely. Four are 
state-wide networks and the remainder are regional. They are the Na tiona! 
Weather Service, Department of Natural Resources, Soil and Water Conservation 
Districts, and the Future Farmers of America. The largest concentration of gauges 
is in The Twin Cities Metropolitan Area. For clarity, we show these networks 
separately and at a larger scale. 

National Weather Service Network 

The NWS network and its origins have been discussed in the Introduction. 
Nevertheless, it should be noted that the late Mr. Joseph H. Strub Jr. Meteorologist 
In Charge, National Weather Service, Minneapolis-St. Paul Airport, was 
instrumental in establishing approximately 20 additional NWS stations in the Twin 
Cities metropolitan area and surrounding counties during his tenure with the NWS 
(about 1954 to 1968). Most of these stations are operational today (Figures 5-l and 
5-6). Only the data from 1973 to date have been extracted and placed on computer 
file at the State Climatology Office. 

Department of Natural Resources 

The state foresters have been taking weather observations for a number of 
years. The observations included both temperature and precipitation. A drawback 
to these observations is that they were usually limited to the weekdays with none 
made on the weekend. At Mr. Kuchnast's request, the records were increased to 
include weekend and winter observations of precipitation at most locations, and 
copies of these records were provided to the State Climatology Office. Records in 
The State Climatology Office for this network begin in 1973. All parts of the state 
arc represented except the south central and southwest where there are no state 
forests (Figure 5-2). 

Soil and Water Conservation District Network 

In 1977 Mr. K uchnast and Prof. Baker obtained a $5000 grant from the 
Rural Development Council for rain gauges to be placed in a network to be 

Page 5-8 Design for a Water-Resources GIS 



* 

* 

* 

* 
* 

* 
* 

* * 

* 
* 

*• 
* 

* * * * ** 
* 

* * 
* * 

* 

* 

* 

* 

* 
* 

* " 
* * 

* * * 
* 

* * * * * * 

Figure 5-l. National Weather Service precip~tion gauge network for 
Minnesota, July 1986. 
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Figure 5-2. Minnesota Department of Natural Resources precipiation 
gauge network for Minnesota, July 1986. 
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Figure 5-3. Soil and Water Conservation District precipiation gauge 
network for Minnesota, July 1986. 
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established by the Soil and Water Conservation Districts (SWCD). The objective of 
this network was to establish a gauge and observer at a common corner of every 
four townships or every 12 miles. Mr. Kuehnast had challenged the SWCD to 
establish such a network, and the challenge was accepted by Mr. Vernon Reinert 
and the SWCD board members. The pilot network was in the SW counties of the 
state. Due to the success of the first year's efforts, the SWCD in 1978 expanded to 
a state-wide network (Figure 5-3). The intended density of one observer for every 
four townships has not yet been met in all areas of the state, but it remains a valid 
objective. The SWCD Board provides the observers with the 4-inch diameter plastic 
gauge initially designed for the FFA. 

Deep Portage Conservation Reserve Network 

In 1976 a group headed by Mr. Gordon Mikkelson, Mr. Michael Naylon, and 
Mr. Charles Minor, planned a learning center for north central Minnesota in Cass 
County. The objective of the Center was to show and educate visitors on the 
natural history of the reserve area. An important part of this is the local climate. 
Mr. Kuehnast, Mr. John Graff, former MIC, NWS MSP airport station, and Mr. 
Bruce F. Watson, consulting meteorologist, were consultants to the weather phase of 
this program. As a result observers were recruited from the local area in Cass and 
surrounding counties (Figure 5-4). Beginning in 1977 records were established and 
the observations are made available to the State Climatology Office. 

Minnesota Power and Light Network 

This is a network of 8 observers in and around the Whiteface Reservoir. 
They are located in Carlton, Cook, Itasca, and St. Louis counties (Figure 5-4). It is 
maintained by the Minnesota Power and Light Co. and observers are compensated 
for their record keeping by the utility. The observations are provided to the State 
Climatology Office. 

Watershed Districts Network 

This network is managed by the Department of Natural Resources and was 
established to provide information on various watershed districts around the state 
(Figure 5-4). Some network data are furnished to the State Climatology Office. 

KSTP TV Network 

The KSTP TV network was initiated by Dr. Walt Lyons in 1975, who was 
the TV broadcast meteorologist for KSTP at that time. This network covers the 
same area as the "Backyarder" network and a number of these observers, indeed the 
majority, came from the "Backyard" network group that had been recruited earlier 
by Kuehnast, Strub and Baker (Figure 5-5). This group continues to provide the 
TV station with observations on a daily basis and the monthly climatic record is 
then obtained from KSTP for the State Climatology Office files. Mr. John Dooley 
of KSTP has taken over since Dr. Lyons left the station some years ago. 

Mosquito Control Network 

The Mosquito Control Network was initially organized by the late Mr. 
Albert W. Buzicky, former Mosquito Control Commission director, with the aid of 
Mr. Joseph H. Strub, Jr. Data from 1958 on are available, but only data after 1973 
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Figure S-4. Deep Portage (triangles), Minnesota Power and Light 
Company (squares), and Watershed District (circles) precipitation 
gauge networks. 
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are on computer file (Figure 5-5). Mr. Buzicky was succeeded by Dr. Robert D. 
Sjogren in 1974, the current director. 

This is a highly seasonal network as might be expected. The network is a 
part of the tax supported Metropolitan Mosquito Control Commission, whose 
responsibility it is to reduce the mosquito numbers through special treatment 
programs. Moisture information is of obvious importance to the success of the 
programs. The two Mosquito Control directors have been very cooperative in 
sharing their data with the State Climatology Office since the networks origin. 
This network is located entirely within the 7 county metropolitan area and has 
increased from 27 to 45 observers since 1973. It has been very stable with few 
changes in locations during the record period. 

The Climate of Minnesota Part VIII study (Kuehnast et al., 1975) is based 
largely upon the data from this network and the National Weather Service 
Network. 

Metropolitan Waste/Sanitary Sewer Network 

This network is maintained by the Metropolitan Sanitary Sewer District and 
is located entirely within the Twin Cities metropolitan area (Figure 5-5). The 
gauges are all remotely sensed and automatic with the information transmitted to a 
central computer. The information is used to route water within the storm sewer 
system. Mr. Lowell Johnson maintains the complete files. 

Backyard Rain Gauge Network 

An early network developed to supplement that of the NWS was the 
Backyard Rain Gauge Network. This was organized by Mr. Kuehnast in 1970 in 
cooperation with the late Mr. Strub and Prof. Baker. The objective was to develop 
a network that would help answer the question as to whether or not there are 
preferred areas of precipitation within the Metropolitan area (Figure 5-6). An 
earlier analysis by Mr. Kuehnast on paths of tornadoes in the metropolitan area 
seemed to indicate that they did follow a preferred path. In a resulting study by 
Kuehnast et al. (1975) with the precipitation data then available, areas were found 
which received more precipitation on the average than others. Certain topographic 
features along the Minnesota and Mississippi Rivers in the local area were cited as 
being responsible for the two major areas of higher than average precipitation that 
were found. Another location, centered around the MSP airport weather station, 
appeared to receive less than the average amount for the region as whole. These 
results pointed to the necessity for a more dense network. Thus, was born the 
"Backyarder's" network. With the cooperation of the two local newspapers, 
observers were called for. In the first year, 1970, about 330 observers were 
recruited. They were located primarily in the 7-county Twin City metropolitan 
area, although there was a number in the surrounding counties including western 
Wisconsin. 

After the initial publicity and a maximum of about 330 observers, the 
numbers have steadily declined so that by 1986 only a faithful 120-140 7-month 
season observers and about 40 all-year observers remain. 

Future Farmers of America Network 

The first large network to be developed was that of the Future Farmers of 
America (FFA). The FF A chapters are directed by the local high school 
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Figure 5-5. Metropolitan Mosquito Control Commission (stars), KSTP 
(squares), and Metropolitan Waste/Sanitary Sewer Commission 
(triangles) precipitation gauge networks for the Twin Cities, MN 
Metropolitan Area, July 1986. 
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Figure 5-6. Backyard (stars) and National Weather Service (circles) 
precipitation gauge networks for the Twin Cities, MN 
Metropolitan Area, July 1986. 
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Figure 5-6. Backyard (stars) and National Weather Service (circles) 
precipitation gauge networks for the Twin Cities, MN 
Metropolitan Area, July 1986. 
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agriculture instructors and consist of high school age boys and girls. This network 
was established as a special project to be undertaken by interested FFA chapter 
members. This project was brought to fruition in 1970 through the joint efforts of 
Mr. W. J. Kortesmaki, State Executive Director of the FFA, and Mr. Kuehnast. 
This project was also aided by the late Mr. J. H. Strub, Jr., MIC, N.W.S., and by 
Prof. Baker. 

In order to engender enthusiasm, as well as to instruct the FFA volunteer 
observers, Mr. Kuehnast and Mr. Kortcsmaki traveled across the state to attend 
district meetings and to brief the high school agriculture instructors in charge of 
FFA Chapters on the precipitation network and its importance to agriculture. 

An interesting side light to this venture is that Mr. Kortesmaki obtained 
$30,000 from the Minnesota State Legislature to produce a mold for a plastic rain 
gauge, and for the production and distribution of the gauges to the FFA volunteer 
observers. The resulting gauge is a very accurate 4-inch diameter all-weather 
instrument that is considerably less expensive than the standard 8-inch diameter 
metal gauge used by the NWS observers. The NWS now uses plastic gauges of this 
original FFA design for the weather observers in the hydrologist's river district 
network. 

The variation in the FFA observer numbers within a year is due, of course, 
to the fact that most observations were limited to the growing season. (This 
feature is common to all but the National Weather Service Network). This 
network, and indeed the whole FFA program in Minnesota, essentially rested upon 
the enthusiasm engendered by "Kort" Kortesmaki. In 1977 a peak of a bout 1500 
observers was reached. Upon his retirement in 1982 the program declined rapidly. 

An important drawback to the FFA network that should be noted is that the 
observation at any one site is normally of short duration. Upon graduation from 
high school the individual's membership in FFA is usually terminated and so, too, 
is the observation. A few of the observers recruited in the FFA program continue 
as observers in the FF A network or in other networks established Ia ter. 

Soil Moisture Network 

This network was established to supplement information from a soil 
moisture sampling network enlarged by Mr. D. L. Ruschy and Prof. Baker in 1979. 
These reporting sites were located throughout the state but primarily in the 
agricultural area of the south and west. The soil moisture project was discontinued 
in 1982 and the number of observations have declined to one or two sites per 
month. A limited soil moisture network of about six sites was initiated in 1957 by 
Prof. George Blake, Soil Science Dept., and continued by Prof. Baker after 1960. 

LOCATIONS AND OBSERVER NUMBERS 

The characteristics of all weather observation networks change through time 
as participants are added to or drop out of the program. To plan for the use of 
climatological data in water investigations requires knowledge of the 
characteristics of the observation network for the particular time of interest. To 
aid in this effort, the record of observer-site numbers for 1970-1986 are shown for 
months and annual totals in the Appendix. A general summary of the various 
prccipita tion nctwor ks is presented in Table 5-l. 
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TABLE 5-l. PRECIPITATION NETWORK DATA ON COMPUTER FILE. 

Name 

Metropolitan 
Mosquito 
Control Dist. 
(MOSQ) 

Backyard 
Rain Gauges 
(BYRG) 

Future 
Farmers of 
America 
(FFA) 

National Weather 
Service 
(NWS) 

Dept. of Natural 
Resources 
(DNR) 

KSTP-TV 
(KSTP) 

Origin 
Date Description 

1958 From April or May to Sept. or Oct. only; with few 
exceptions at least 28 stations and since 1979 at least 38 
station; maximum is 45 observers in April-August 1986; 
coverage limited to 7-county metropolitan area. 

1970 Consists of both seasonal and an entire 12-month 
network; the seasonal network is from April or May to 
Sept. or Oct.; maximum is 329 in 7 j70; in 1986 the 12-
month range is 32-lll observers and the 7-month range 
is 78-111; coverage centered in the 7-county 
metropolitan area but includes the surrounding 
counties in Minnesota plus 3 in western Wisconsin. 

1973 Grew rapidly from 13 observer reports 1/73 to 1136 by 
6j73; majority of reports seasonal between April or 
May to Sept. or Oct., maximum is 1532 in 6j77; in 1986 
annual reports range from 3-14 and seasonal reports 
from 28-85; essentially limited to the agricultural areas 
(SE, SC, SW & W) of the state; 5/79-4/82 not yet 
entered in the computer files. 

1973 NWS climatological network; only data after 1972 on 
computer file except for MSP and U OF M St. Paul; 
varies from about 150-214 in number; maximum is 214 
in 10/77; in 1986 the 12-month range is 144-174; covers 

the entire state. 

1974 From 4/69 - 3/74 consisted of 1 observer; from 4/74 to 
date a varying number each month but generally more 
than 65; some seasonal variation in number; maximum 
is 95 observers in 6/77; in 1986 the 12-month range is 
65-79; covers all but the southwest and south central 

sections of the state. 

1975 Only 1-9 reports 1970-1975; at least 16 stations per 
month from 12/75 on; generally 16-20 stations per year; 
maximum of 24 observers in 7 /76; in 1986 12-month 
observations range between 15-18; area limited to 7-
county metropolitan area and surrounding counties plus 
2 western Wisconsin counties. 

Name 

Soil and Water 
Conservation 
District 
(SWCD) 

Deep Portage 
Conservation in 
F.eserve 
(DPCR) 
Minnesota 
Power and Light 
(MPL) 

Metro Waste/ 
Sanitary Sewer 
(MW/SS) 

Watershed 
Districts 

Soil Moisture 
(SMN) 

Miscella nco us 

Origin 
Date 

1977 

1977 

1980 

1982 

1984 

1979 

Description 

Only 2-4 reports before 6j77; all 12-months observed; 
in 1986 the range was 195-491 observers; observations 
arc seasonal; this is the only network where a uniform 
spatial distribution of observer locations has been 
attempted; covers SW part of state particularly well. 

Begins 5j77; maximum is 63 observers 8/78; in 1986 
ranges from 10-20 12-month observers; limited to Cass 
and surrounding counties in NC part of state. 

A 12-month network; maximum is 9 in 1983; in 1986 
there were 7 observers; covers NE part of state 
(particularly Cook, Carlton, Itasca, and St. Louis 
counties); there are earlier data that could be entered 

into the computer files . 

Essentially a seasonal network of 8 stations between 
April- Nov.; maximum is 9 observers in 1983; in 1986 
there were 8; covers the metropolitan area. 

1-2 observers starting in 1978; beginning in 5/84 
increased to 4-22 observers during the 12- month 
period; maximum is 22 observers in Sept. 1985; in 1986 
the range was 5-20. Covers scattered watersheds 

throughout the state. 

Essentially a seasonal network with 14-24 observers 
between April or May and Sept. or Oct. and 2-5 
observers other months from 1979-1984; maximum is 24 
observers in 5/81-7/81; in 1986 0-2 observers in 12-
month period; covers most of state until discontinued. 

0 to 20 observations; short-term or special data reports. 



All of the networks have been combined and are shown in Figures 5-7 and 
5-8. The stations in each figure are based upon the July 1986 number of observers 
and their locations. The numbers and locations of observational sites change 
through time and it cannot be assumed that any particular set of gauging sites on 
these maps have collected data for any particular period of interest. The recent 
slight decline in number of observers needs to be carefully monitored to insure 
that the data base is not impaired. 

CONCLUSIONS AND RECOMMENDATIONS 

The dynamics of the spatial pattern of precipitation data make it necessary 
for data users to pay attention to the characteristics of the data. Some data 
networks and observation sites are seasonal or have otherwise interrupted records. 
A GIS can use such incomplete data records if care is taken to include enough data 
points to adequately describe the geographic distribution of precipitation events. 
The methods for filling GIS data cells with precipitation data are beyond the scope 
of this report and are described in Chapter 4. 

The distribution of the precipitation network may not be or at least does 
not seem seem to be optimal for every application in some areas. This is a common 
problem for many types of point sampled data. Methods of network analysis are 
well developed and have been applied to precipitation networks and other spatial 
data sets in Chapters 3, 4, and 8. No overall or general purpose recommendation 
on an optimal network can be made because we cannot design data collection 
networks after the fact nor can we collect data where it is not permitted or where 
we cannot afford the cost. Furthermore, in precipitation analysis, a network that 
is adequate for annual averages is grossly deficient for storm event studies. Every 
user should rigorously evaluate the network they are using with standard methods 
and determine for their application, location, and time period what the appropriate 
number and location of observation points should be. 
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Figure 5-7. Combined precipitation gauge networks for Minnesota, 
July I 986. 
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Figure 5-8. Combined precipitation gauge networks for the Twin 
Cities, MN Metropolitan Area, July 1986. 
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MONTHLY NUMBERS OF OBSERVERS BY NETWORK MONTHLY NUMBERS OF OBSERVERS BY NETWORK 
DEEP MW/ WAT. SOIL DEEP MW/ WAT. SOIL 

NWS DNR KSTP SWCD PORT MPL S. S SHED MOIST MISC SUM YEAR MO MOSQ BYRG FFA NWS DNR KSTP SWCD PORT MPL S.S SHED MOIST MISC SUM YEAR MO MOSQ BYRG FFA 
0 0000 0 0 3 1970 1 0 0 0 2 1 0 

3 0 0 2 1 0 0 0000 0 0 1974 5 29 150 1013 197 81 6 2 0 0 0 0 1 20 1499 
1970 2 0 

3 2 1 0 0 0 0 0 0 0 0 1974 6 30 153 1063 189 79 6 2 0 0 0 0 2 17 1541 
1970 3 0 0 0 

0 0 6 0 2 1 0 0 0 0 0 0 1974 7 30 153 987 191 83 6 2 0 0 0 0 2 13 1467 
1970 4 0 3 

0 0 27 1970 5 0 24 0 2 1 0 0 0 0 0 0 1974 8 29 150 776 150 77 6 2 0 0 0 0 1 0 1191 0 2 1 0 0 0 0 0 0 0 0 325 1974 9 29 136 490 151 75 6 1 0 0 0 0 0 0 888 
1970 6 0 322 

329 0 2 1 0 0 0 0 0 0 0 0 332 1974 10 12 67 267 151 74 2 0 0 0 0 0 0 0 573 
1970 7 0 

326 0 2 1 0 0 0 0 0 0 0 0 329 1974 11 0 33 96 151 26 2 0 0 0 0 0 0 0 JOB 
1970 8 0 

0 263 0 2 1 0 0 0 0 0 0 0 0 266 1974 12 0 16 56 149 18 0 0 0 0 0 0 0 0 239 
1970 9 
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~ 1979 8 39 144 2 196 82 21 459 53 0 0 2 23 0 1021 1983 12 0 37 10 175 70 20 223 22 a 0 2 0 0 567 
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SUMMARY: Hydrologic Classification of Land Cover 
P.Gersmehl, Anderson, Greene, Dunning, C.Gersmehl, and Brown, WRRC, U of MN 

Issues 

As a basis for predicting runoff potential, water use by plants, and crop 
yields, a resource manager needs good information about the land cover in a 
watershed. To translate existing information into computer-usable form, and to 
gather data efficiently in the future, the designers of a water-resources Geographic 
Information System must deal with four fundamental issues: 

l) The distinction between land cover and land use. Land use is an 
economic concept; land cover is a physical idea. Typical maps of 
land use categories can hide information that is extremely 
important for hydrologic simulation. 

2) The temporal changeability of land cover. The hydrologic effects 
of bare plowed ground differ from those of a mature crop or a 
harvested field. Our recommendations must make allowances for 
seasonal cycles, annual changes (e.g. crop rotation), and long-term 
trends (e.g. forest growth, land abandonment, or urbanization). 

3) The incompatibility of the tag and count perspectives in mapping. 
A tag (classificatory) map of land cover is an attempt to delimit 
areas that are reasonably homogeneous. To map large areas, one 
must generalize, usually by omitting parcels that are too small to 
be mapped separately. The inevitable result is an underestimate 
of the areal extent of some features (and those omitted may have 
great hydrologic significance). By contrast, a count procedure 
uses point sampling to provide a better estimate of area covered 
by particular features, but it should not claim to show locations 
of individual features. A set of point samples will "hit" only a 
few cases of a widely dispersed but individually small kind of 
cover. Mapping the locations of sample points will give an 
erroneous picture of the spatial pattern of that kind of cover. 
Our recommendations must recognize that a GIS cannot classify 
individual parcels accurately (especially at small scale) and still 
do a statistically valid inventory of land cover for a large area. 

4) The necessity for relational structure in the GIS. In order to 
provide data for a simulation such as the Agricultural Non-Point 
Source Pollution Model or the Universal Soil Loss Equation, a 
GIS must relate all data to a common coordinate system. When 
that is done, the simulation can get information on land cover, 
soil, and slope for the same places and thus reach a valid 
conclusion about erosion or runoff. Our recommendations must 
make allowances for the nature of the data files that will be 
used with the land cover file in solving a resource problem. 

Findings 

The goal is to build a land-cover data base that can describe tracts of land 
with reasonable precision, make regional inventories with acceptable accuracy, 
facilitate relational use with other data, and allow easy addition of better data 
when they become available. To obtain a basis for recommendations, we examined 
many different data-handling strategies. Our findings include the following: 
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Differences in previous crops and present tillage methods can cause 
erosion to be as much as thirty times greater from one field than 
from another with the same crop, climate, slope, and soil type. 

Existing land-use maps published by the Metropolitan Council and the 
USGS are not valid as sole input for hydrologic simulations. 
Differences in proportion of impervious surface and connectivity 
of drainage systems can cause more than a tenfold variation in 
flood potential from areas all mapped as "residential land use." 

Land-cover classes that occupy as little as ten percent of the area of a 
small watershed can produce more than half of the total runoff. 

Reader errors and seasonal inconsistencies in aerial photo interpreta
tion are often high enough to limit the accuracy of hydrologic 
simulation, yet they rarely are reported by planning agencies. 

Recording complete data at sample points should have higher priority 
than refining maps of arbitrarily defined land-cover classes. 

Recommendations 

On the basis of these findings and the results of many other investigations 
at various scales, we make the following recommendations concerning the file 
structure for land-cover data in a water-resources geographic information system: 

I) Form a Task Force of people from State agencies to refine and/or 
modify the framework land-cover classification proposed herein. 

2) Use a relational point-sampling system, as described in Chapter 2, 
to enter land-cover and land-use data into the GIS. Recording 
details of surface condition and drainage connectivity is more 
important for hydrologic studies than improving map resolution. 

3) Base the system on Universal Transverse Mercator coordinates. 
The tendency for land uses to be aligned with survey lines can 
introduce big statistical aberrations in a section-based system. 

4) Once the GIS is operational, use the climate, terrain, and soil data 
to evaluate and improve the land-cover files. For example, 
ambiguity in Landsat images of marshland can be reduced by 
noting poorly-drained soils in the soil file and low areas in the 
terrain file. Inclusion of building permits, plat maps, and zoning 
data in the GIS may clarify patterns in urban-fringe areas. 

5) Pay special attention to methods used to make maps from a point
inventory system, in order to a void misinterpretation. Point 
sampling allows us to estimate the extent of a given land-cover 
type quite accurately, but it does not permit precise description 
of small areas. For that reason, the system should simply not be 
permitted to portray data at individual sample points; instead, it 
should display only the percentages of larger areas that fall into 
particular categories. As a rule of thumb, the output map should 
display data at a resolution that is a full order of magnitude less 
detailed than the sample data. If more detailed information is 
needed, field surveys are necessary. 
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HYDROLOGIC CLASSIFICATION OF LAND COVER 

INTRODUCTION 

Philip J. Gersmehl 
Kevin L. Anderson 
Richard P. Greene 

Nicholas P. Dunning 
Carol A. Gersmehl 
Dwight A. Brown 

Precipitation that falls on a tract of land can go a number of different 
directions, depending on the nature of the surface and the intensity of the rain. 
Plant leaves and stems can intercept some of the incoming water; the intercepted 
water can be absorbed by the plant, evaporate into the air, flow down the stem, or 
drip down to the ground. Water on the ground surface can sink into the soil, flow 
off the surface, or evaporate. Soil water, in turn, can seep laterally through the 
soil, percolate down toward the groundwater table, or be taken up by plants and 
incorporated into plant tissue or transpired into the air (Figure 6-I). 

Each of these pathways is conceptually distinct, but they all have several 
things in common. First, the rate of water movement along any pathway depends 
on local environmental factors, such as the temperature and humidity of the air, 
texture of the soil, slope of the land, etc. Second, water can be temporarily stored 
in any part of the system (on leaf surfaces, in footprints and other minor 
depressions, in soil pores, in plant tissues, etc.) and released later. Third, the 
proportion of incoming water that flows along any given pathway can change if 
anything in the local environment changes. 

These three principles provide a theoretical base for the use of a geographic 
information system in hydrologic simulation. The GIS can hold data about slope, 
vegetation cover, soil texture, temperature, and other relevant environmental 
variables. A computer program then uses those data to determine how much water 
will flow along each of the major pathways. Determination of flow rates, in turn, 
allows the simulation to estimate flood peaks, soil erosion, groundwater recharge, 
etc. The investigator is able to change the input data and repeat the simulation in 
order to see the likely hydrologic consequences of the changes. 

The cover of the land has a profound effect on the fate of precipitation 
that strikes the surface. Situated at the interface between the atmosphere and the 
soil, surface cover is often the most important single modifier of the hydrologic 
cycle in a watershed. For example, the growth of pine trees in a formerly plowed 
field will alter nearly every flow of water in the local hydrologic cycle: 

- interception by needles and twigs will increase, 
- infiltration along stem and root channels will increase, 
- incorporation of water in plant tissues will increase, 
-evapotranspiration of soil moisture will increase, 
- shading will cause evaporation from the ground surface to decrease, 
-percolation through the soil to groundwater tables will decrease, 
- the amount of runoff over the land surface will decrease, 
- the speed of runoff over the land will decrease, 
-detachment of soil by raindrop impact will decrease, 
- removal of sediment by runoff water will decrease, 
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DECISION POINTS IN A LOCAL HYDROLOGIC SYSTEM 

Incoming precipitation can take two different paths: 

1) fall directly to the ground, or 
2) land on some kind of surface cover. 

Water that strikes a vegetated canopy can 
follow four different paths: 

3) enter the plants, 
4) flow down the stems, 
5) drip off to the ground, or 
6) evaporate into the air. 

The amount and rate of movement along 
each of these paths depends on factors 
such as rain intensity, plant geometry, 
temperature, humidity, wind, etc. 

Water in the soil can 

10) flow laterally, 

Water that reaches the surface can: 

7) evaporate into the air, 
8) flow off the surface, or 
9) infiltrate the soil. 

The rate of movement along each 
path depends on factors such as 
rain intensity, soil texture and 
structure, plant density, slope, 
surface cover, ground roughness, 
temperature, humidity, wind, etc. 

11) percolate downward, or 
12) be taken up by plants. 

Movement along each of these paths 
depends on factors such as soil texture 
and structure, plant age and vigor, slope, 
available moisture, soil layers, air 
temperature, humidity, wind, etc. 

In the absence of a vegetation cover, the conceptual model becomes simpler, 
although buildings, fences, crop residues, and other things can still intercept some 
incoming rain before it reaches the surface. The model becomes more complicated 
with partial cover, because rain that falls directly to the surface has different 
impact than rain that is intercepted by a cover and then drops to the ground. 

DEPT.OF GEOGRAPHY. UNIV. OF MINNESOTA 
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Over time, the reforestation of a watershed can reduce total streamflow 
noticeably and cut peak floods to a tiny fraction of what they were (Trimble et al. 
1987). Indeed, even the replacement of one kind of forest cover by another can 
have many consequences, with profound effects for managers of municipal water 
supplies (Swank and Douglass 1974). Annual changes in land cover in agricultural 
areas can have even more significant hydrologic consequences (for a review of 
those effects in the Upper Midwest, see Johnson et al. 1970). 

The pattern of land cover in a particular place is a result of decisions that 
often are made with little consideration of their effects on water resources. Given 
their importance in the hydrologic system, the decisions that affect land cover 
should not continue to be made in isolation. On the contrary, analysis of 
consequences should always precede action when decisions affect other uses of a 
resource. For that reason, the effects of land cover on hydrologic processes are key 
clements in hydrologic simulations. In this chapter, we will treat five aspects of 
land cover: 

1) Terminology. The terms "land use" and "land cover" are frequently 
(and erroneously) used interchangeably. For that reason we shall 
first draw a distinction between the two concepts and illustrate 
some of the consequences of confusion. 

2) Existing maps and classifications. A number of land-use and land
cover maps and classifications are currently available m 
Minnesota. We will evaluate their potential for use in water 
resources simulation. 

3) Hydrologic interactions between soil and land cover. Land cover 
usually acts in concert with soil to affect the rate of runoff, 
infiltration, and depletion of soil water. We will examine the 
SCS curve-number approach as an example of a way to deal with 
the hydrologic relationships between soil and land cover. 

4) Problems with hydrologic classification of land cover. Most land 
cover classifications describe a place at a particular point in 
time, even though many land cover types change seasonally; we 
will examine ways of incorporating seasonal changes and long
term trends into hydrologic simulations. 

5) Proposed classification of land cover. Finally, we shall describe a 
set of criteria and a proposed set of land-cover categories that 
can use remotely sensed images to provide data for hydrologic 
simulations. 

THE DISTINCTION BETWEEN LAND COVER AND LAND USE 

"Land cover" is a physical idea; it refers to the materials and features on 
the surface of the earth. Urban built-up areas, forests, lakes, and ice caps are all 
examples of land-cover types. Within a given land-cover type, subcategories are 
always possible. For example, a general category of forests might have subgroups 
for broadleaf, needleleaf, and mixed forests; aspen forests are part of the group of 
broadleaf forests; and a dense stand of 20-year old saplings is one type of aspen 
forest. Regardless of the level of detail, the descriptive terms in a land-cover 
classification refer directly to what can be seen and measured on the landscape. 
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"Land use" is an economic concept; it denotes the human activity associated 
with a particular tract of land. This activity often involves deliberate alteration 
of land cover through a variety of management practices. Depending on the level 
of mapping detail, one might depict a cluster of houses as part of an area of urban 
use, residential use, single-family residential use, or moderate-income single-family 
residential use. Regardless of detail level, these descriptions of human activity 
often ignore the physical complexity of a landscape. A residential landscape, for 
example, typically has a land cover consisting of roofs, pavement, grass, and trees, 
in varying proportions (Jensen 1983 offers a thorough review of these issues). 

For a demographic study of a region, it would be appropriate to make a 
distinction between a tract of land occupied by single-family housing and land 
dominated by multi-family housing. For a hydrologic study of surface runoff a 
measurement of the relative amount and distribution of roofs, pavement, lawns, 
and trees (i.e., relative urban density) would be a better basis for grouping land 
cover into classes (Figure 6-2). 

The two concepts, land use and land cover, are not mutually exclusive, but 
they have different utilities and require different sources of data. Land cover 
data can be derived from field investigations, aerial photographs, and satellite 
images. Land-use mapping can start with the same base materials, but it usually 
requires supplementary information about ownership, accessibility, or resident 
population from other maps and data files. 

Ideally, land use and land cover information should be collected at the same 
time but presented on two different maps. Both concepts have considerable utility 
for those monitoring land development, promoting soil conservation, or analyzing 
hydrologic processes. However, a land-use map may have too much within-class 
variability to be useful as a primary source of data for hydrologic simulation. To 
assess the degree of this limitation, we will next examine some currently-used 
classifications of land use and land cover. 

EXISTING CLASSIFICATIONS OF LAND USE AND LAND COVER 

The United States Geological Survey (USGS) devised a comprehensive land -
use and land-cover classification to be used with remote sensor data. The USGS 
classification combines land cover and land use in a single set of categories, using 
the following criteria (summarized from Anderson et al. 1976): 

1) The minimum level of interpretation accuracy in the identification 
of land use and land cover categories from remote sensor data 
should be at least 85 percent. 

2) The accuracy of interpretation for the various categories should be 
about equal. 

3) Similar results should be obtainable from one interpreter to another 
and from one time of sensing to another. 

4) The classification system should be applicable over extensive areas. 

5) The categorization should permit vegetation and other types of 
land cover to be used as surrogates for human activity. 

6) The classification system should be suitable for use with remote 
sensor data obtained at different times of the year. 
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HYDROLOGIC DISTINCTIONS BETWEEN TWO LAND SURFACES 

CLASSIFIED AS MULTI-FAMILY HOUSING 

Old inner city area of 
multi-family housing 

New suburban area of 
multi-family housing 

90 

Flow 60 
jcfsj 

30 

Hydrograph 
- Short lag 
- High crest 

Time jminutesj 

D Pervious surface 

, .. [.\·\\:\))'1 Impervious surface 

0 500 h. 

Flow 30 
lets) 

oAII calculations done from tables in SCS 1986. 

20% impervious 

Time !minutes) 

Here are two examples of places classified on a land-use map of the Twin Cities as 
"multi-family housing." The physical layout and spacing of multi-family housing is 
not the same throughout the metropolitan area. The graphs illustrate an example 
of how different these supposedly "identical" land uses are in responding to a 
storm event. Large, concentrated areas of impervious land cover ("pavement") can 
generate more runoff faster than areas with little pavement or where the 
impervious cover is dispersed into isolated pieces. In some cases, these within-class 
differences can account for large variations in the hydrologic properties of an 
area. Thus, hydrologic simulations of surface runoff cannot rely on land-use maps 
alone; they must also use land-cover data derived from field investigations, aerial 
photographs, and satellite imagery. 
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7) Effective use of subcategories that can be obtained from ground 
surveys or from the use of larger scale or enhanced remote 
sensor data should be possible. 

8) Aggregation of categories for generalized mapping must also be 
possible. 

9) Comparison with future land use data should be possible. 

10) Multiple uses of land should be recognized when possible. 

The USGS land-use and land-cover classification is designed to describe 100 
percent of an area (including inland waters). The system has four conceptual 
levels that range from very broad to quite detailed. The multilevel system reflects 
the different degrees of detail that can be obtained from different remote sensing 
technologies, depending on type of sensor system and image resolution. Each 
square meter of surface should fit into one of the level I categories. Furthermore, 
if data sources are sufficiently detailed, these areas may be subdivided into the 
level II categories (Figure 6-3). 

The system also provides for inclusion of more detailed information in 
levels III and IV. The categories at levels I and II are specified by the USGS, 
while levels III and IV are designed by local users of the system. The designers of 
the system expect different users to devise different criteria for subdivision at the 
lower levels of the classification. 

One of the primary sources of data for the USGS system is remotely sensed 
imagery, but, as Jensen (1979) states: "at this time it is not expected that LANDSAT 
data can be used efficiently for mapping land cover at (even) Level II in urban 
areas, nor in rural areas having too great a mixture of land use and land cover 
patterns, because too much supplemental information is required." The USGS itself 
recommends using Landsat data only for level I categories and will not use the 
satellite system for its own level II and level III classifications. However, our 
project involves developing resource inventory methods and is not a mapping 
exercise (see Gersmehl et al., Chapter 2 in this volume). Freed from the constraints 
of accurate description of individual pixels (data cells in LANDSAT MSS digital 
files), we have been able to distinguish level II land-cover groups in the Twin 
Cities metro area with some reliability (C. Gersmehl, Chapter 7 in this volume). In 
some parts of the image, a few level III land-cover categories are separable. Our 
success, nevertheless, is limited to those kinds of land cover that have distinctive 
reflectance properties in our geographic area. The distinction, therefore, may not 
be possible elsewhere. 

The USGS system has been widely adopted and adapted for many uses. In 
Minnesota, the State Planning Agency and the Metropolitan Council of the Twin 
Cities use this system as the basis for their land-use map categories (Figure 6-4). 
Their maps are available in computer-readable form, and therefore are possible 
candidates for inclusion in a state-wide Geographic Information System. Our task 
is to examine and evaluate file structures for a water resources GIS, and therefore 
we should look at the applicability of these classifications as data sources for a 
water-resources GIS. In order to do that, we must first examine some of the ways 
in which land-cover data are used in existing hydrologic simulations. 
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USGS LAND-USE AND LAND-COVER CATEGORIES 

Urban or Built-up Land 
11 Residential. 
12 Commercial and Services. 
13 Industrial. 
14 Transportation, Communications, 

and Utilities. 
15 Industrial and Commerial Complexes. 
16 Mixed Urban or Built-up Land. 
17 Other Urban or Built-up Land. 

2 Agricultural Land 
21 Cropland and Pasture. 
22 Orchards, Groves, Vineyards, Nurseries, 

and OrJ¥lmental Horticultural Areas. 
23 Confined Feeding Operations. 
24 Other Agricultural Areas. 

3 Rangeland 
31 Herbaceous Rangeland. 
32 Shrub and Brush Rangeland. 
33 Mixed Rangeland. 

4 Forest land 
41 Deciduous Forest Land. 
42 Evergreen Forest Land. 
43 Mixed Forest Land. 

USGS LAND-USE AND LAND-COVER 
CLASSIFICATION MAP 
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5 Water 
51 Streams and Canals. 
52 Lakes. 
53 Reservoirs. 
54 Bays and Estuaries. 

6 Wetland 
61 Forested Wetland. 
62 Nonforested Wetland. 

7 Barren Land 
71 Dry Salt Flats. 
72 Beaches. 
73 Sandy Areas other than 

Beaches. 
74 Bare Exposed Rock. 
75 Strip Mines, Quarries, 

and Gravel Pits. 
76 Transitional Areas. 
77 Mixed Barren Land. 

8 Tundra 
81 Shrub and Brush Tundra. 
82 Herbaceous Tundra. 
83 Bare Ground Tundra. 
84 Wet Tundra. 
85 Mixed Tundra. 

9 Perennial Snow or Ice 
91 Perennial Snowfields. 
92 Glaciers. 

Source: Land Use Series, Map L-198 Land Use and Land Cover 1976: 
Stillwater, Minnesota, Wisconsin USGS. 

Figure 6-3 
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CATEGORIES USED WITH THE 1969 STATE LAND-USE MAP 

* Forested -- A forty in which the dominant land use consists of trees. 
To be considered forested, a forty must contain a scattering of 
trees whose crowns cover at least 10 percent of the land area. 

Cultivated -- A forty in which the dominant use consists of land 
which has been recently tilled or harvested mechanically. 

Pasture and Open -- A forty of non-forested land not used for any 
identifiable purpose. Examples are grazing land or abandoned 
farm land. 

Water -- A forty in which the dominant land use is open and 
permanent water. 

Marsh -- A forty in which the dominant land use consists of non
forested, shallow permanently wet, vegetated areas. 

Urban Residential -- A forty containing five or more residential 
dwellings, and no commercial buildings. 

Urban Non-Residential or Mixed Residential Development -- A forty 
containing at least one commercial, industrial, or institutional 
development and may or may not contain residential 
development. 

Extractive -- A forty in which the dominant land use consists of the 
extraction of minerals, including ancillary facilities. Examples 
are mines, tailing piles, gravel pits. 

Transportation -- A forty in which the dominant land use consists of 
facilities for the conveyance of people or materials. 

* "forty" refers to a 40-acre parcel (quarter quarter section) in the U.S. 
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Public Land Survey. 

CATEGORIES IN THE GENERALIZED 

METROPOLITAN LAND-USE CLASSIFICATION 

Single-Family Housing 
Multi-Family Housing 
Commercial (Retail and Service) 
Industrial (Mainly Manufacturing, 

Wholesale, Construction, Gravel Pits) 
Industrial Parks (Land Not Being Used) 
Public & Semi-Public (Government Buildings 

and Land, Schools, Hospitals, Churches, 
Institutions) 

Public & Semi-Public (Land Not Being Used) 
Airports 
Parks & Recreation Areas 
Agricultural and Vacant Land 

Figure 6-4 
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COMBINED EFFECTS OF SOIL AND LAND COVER 

In theory, hydrologic simulation rests on well-understood relationships 
between environmental conditions and water movements. In practice, we do not 
yet have a comprehensive hydrologic theory that can describe the workings of 
environmental variables as they actually operate in county-sized portions of the 
real world. Instead, engineers rely on data tables that summarize the results of 
experiments and observations in different settings. To illustrate this approach, we 
will describe one of the most widely used of these engineering shortcuts, the SCS 
Curve Number approach. The basic structure of the curve-number approach has 
been incorporated into many other hydrologic models (reviewed by Nieber and 
Lopez-Bakovic, chapter 8, and T. Beach, chapter 9 in this volume). 

As defined by Soil Conservation Service hydrologists, a Curve Number is a 
numerical summary of the hydrologic effects of a particular combination of soil 
type and land cover (Kent 1973). The SCS method assigns an arbitrary number of 
100 to a surface that causes all incoming precipitation to run off rather than sink 
in or evaporate. A smooth paved surface is usually given a curve number of 98, on 
the assumption that a small percentage of the incoming rain would be trapped in 
tiny depressions on the surface (from which it would evaporate), while the rest 
would flow off into a channel or sewer. Other soil/cover combinations (e.g. row 
crops on a silt loam soil or apartment buildings on sandy ground) then get a 
reasonable number that reflects the proportion of incoming water likely to run off 
the surface. The actual curve number is not a direct expression of that proportion, 
but rather a translation of it into a scale that fits with the rest of the SCS 
hydrologic simulation (Hjelmfeldt 1980). 

Over the years, SCS technicians and others have amassed a wealth of 
observations about the hydrologic behavior of different cover-soil combinations 
and summarized them in many tables of curve numbers (a recent version is in SCS 
1986). Some of these tables are useful in predicting floods in urbanizing areas; 
others concentrate on the land covers associated with agricultural activities and, 
therefore, are more appropriate for predicting soil erosion, pesticide runoff, or 
non-point-source pollution. State and regional planners have developed many 
special-purpose tables to deal with unique local combinations of soil and land 
cover (e.g., from a large list, Bureau of Reclamation 1977; Munekiyo 1976; 
Michigan Department of Natural Resources 1982; SCS 1981; Stewart 1976). The 
designers of other simulation models have incorporated the idea of curve numbers 
into their equations (e.g. Young et al. 1986). 

As part of our study, we have examined a wide variety of curve-number 
tables. Unfortunately, none of the existing ones would meet all of the needs of a 
comprehensive water resources GIS for Minnesota. We have therefore adapted 
parts of several of them and developed a curve-number table that is keyed to the 
particular combinations of land cover and soil that occur in Minnesota. We will 
outline this proposed framework after dealing with some theoretical and practical 
issues that affect the interpretation of any empirical engineering table. 

Theoretical issues in using a curve-number table 

This section is an elaboration of a single idea: a runoff curve number is an 
arbitrary index that describes what happens when precipitation falls on a given 
surface. Each surface has its own appropriate curve number, but we seldom can 
afford to spend the time to do all of the experiments needed to determine that 
number empirically. The summary tables developed by the Soil Conservation 
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Service and other agencies are useful shortcuts, but they really are only guides to 
selecting a curve number for a particular surface. 

Once we get that idea firmly into the discussion, it is easy to see why a 
simple rote matching of environmental categories (as stored in a GIS) with printed 
curve numbers is really a misuse of the curve number technique. For example. 
runoff from a residential area can range from a tiny fraction of the incoming rain 
to nearly all of it, depending on (among other things) the proportion of the land 
surface covered with roofs, roads, driveways, and other impervious surfaces. 
Arbitrary categories of residential areas (e.g. single-family and apartment) can hide 
much of the gradual variation from one place to another. Providing a single curve 
number for each category will add a discreteness and rigidity that is quite 
unrealistic. The best way to restore realism to the system is to be willing to "bend" 
the curve number for a given area, in order to accommodate local variations of a 
general category. 

Assigning the proper curve number to a given area thus depends partly on 
experience (as summarized in the tables), partly on local knowledge (as provided by 
the GIS and other sources), and partly on the trained judgment of the investigator 
(or, perhaps, a good expert system). Much of the knowledge needed to do a good 
job of interpolating curve numbers is implicit in the curve-number table itself. 
Examine it carefully to see the amount of change that occurs when different kinds 
of land cover or soil are substituted for each other. A small difference in curve 
number between two categories of soil or land cover is usually a good indication 
that it does not pay to spend too much time trying to differentiate them, either in 
the field or in the GIS. By contrast, a wide gap in curve numbers is a warning to 
check the accuracy of an interpretation, because an error could have large 
consequences. 

Practical hints for using a curve-number table 

The table of curve numbers is only a guide, not a set of rigid rules. To 
determine an appropriate curve number for a particular combination of soil and 
land cover, an analyst might begin by considering the following variables: 

1) Homogeneity of the surface. Each curve number in the table 
represents an essentially uniform surface with a particular 
combination of soil and land cover. Variations in soil texture, 
residue cover, plant density, or building size will alter the 
probable response of the area to a rainstorm. One way to make 
the simulation more realistic is to look up the curve numbers for 
all major kinds of soil and surface cover in an analysis area 
(data cell or subwatershed) and then interpolate between curve 
numbers on the basis of the proportional extent of different soil
cover combinations. The Soil Conservation Service has already 
done some interpolation in choosing curve numbers for different 
densities of residential, industrial, and commercial land uses 
(SCS 1986, 2-4 through 2-1 0). 

2) Density, age, and vigor of vegetation. Young trees in a new suburb 
have less ability to intercept and transpire water than a mature 
canopy in an older part of the city. Widespread death of trees 
(e.g. an outbreak of Dutch Elm Disease) can dramatically lower 
the evapotranspiration of water. Recently mown hayfields cause 
more runoff than tall grasses. For these and many other reasons, 
an investigator should be willing to interpolate between curve 
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numbers for "good" or "poor" cover, rather than trying to put a 
transitional case into one or the other category. Indeed, it may 
be possible, in some areas, to derive curve numbers directly from 
LANDSAT data, because infrared sensors respond to vegetation 
vigor and density (see C. Gersmehl, chapter 7 in this volume). 

3) Disturbance of the soil surface. A few dozen earthworms per 
square meter of surface can increase the infiltration capacity of 
some soils by a factor of two or more. By contrast, trampling by 
cattle (or tourists or schoolchildren) can reduce the rate of 
infiltration significantly. The condition of the surface soil is 
often just as important as its "normal" hydrologic group in trying 
to determine the curve number for a particular site. 

4) Fate of water that runs off a surface. Rainwater that lands on one 
roof may drip onto a sandy lawn and infiltrate into the soil. A 
system of gutters may channel the water from another roof into 
a ditch. A backyard depression may catch water from a third 
roof; a sewer may carry water away from a fourth. Obviously, 
each of these "impervious surfaces" has a different hydrologic 
effect. Agricultural drainage tile and roadside ditches can have 
similar effects in rural areas. Use the general curve number if 
no better information is available, but be willing to raise the 
number (if runoff water goes into a channel) or to lower it (if 
drainage empties onto depressions or absorbent "buffer" areas). 

5) Relative locations of cover classes and soil groups. Consideration 
of the locations of different kinds of cover within an area is 
really just an extension of the idea of buffers and drainage 
channels. If the paved part of a mixed-use area is close to the 
stream, runoff water will get to the channel faster than if the 
impervious surfaces are on flat land near a drainage divide. The 
curve number for an area can be adjusted to reflect spatial bias 
in the arrangement of various features within it. 

6) Temperature and humidity, both average and seasonal. In the 
simplest form of the hydrologic equation, runoff is what is left 
over after evaporation has taken its share of the precipitation in 
an area. In general, curve numbers in northern Minnesota should 
be raised to reflect the lower evaporative power of cooler air. 
Seasonal differences are even more striking -- a storm in spring 
will usually generate much more runoff than the same amount of 
rain in mid-summer. A detailed curve-number study should take 
account of seasonal differences in crop canopy coverage, leaf 
density, soil moisture, evaporation rate, etc. 

It is easy to despair when faced with the multitude of combinations of 
cover, slope, soil, and position within even a small watershed. The antidote for 
such frustration is the fact that the curve-number system works reasonably well; 
these recommendations involve fine-tuning a functioning system to account for 
major deviations from the average conditions depicted in the table. 

One should therefore not be hesitant to make adjustments in curve numbers 
when they seem warranted. In the case of nearly every item in this list, a good 
GIS can provide data to help make the modifications. For example, a file on 
hydrographic networks and sewer connections can help us decide whether the 
curve number in a suburban area should be raised or lowered. 
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At the same time, it pays to remember the principle of significant figures -
one cannot expect results that are any more precise than the least precise input 
measurement (Gersmehl et al., chapter 2 in this volume, has a full discussion of 
allowable output precision). • Adjusting a curve number by one or two units to 
reflect subtle differences in residential density will not improve the quality of a 
simulation much if the soil moisture and texture are poorly known. The range of 
curve numbers can easily exceed fifteen or twenty for different moisture classes or 
hydrologic soil groups. That degree of variation overwhelms the minor differences 
between some land-cover categories. Close inspection of the table of curve 
numbers can thus improve the validity of a study by identifying the data files that 
need the most attention to ensure an adequate level of quality. 

Future improvements in the curve-number method 
' 

The curve-number ap{:lroach is not, and has not been, immutable; the Soil 
Conservation Service has published several versions of the table, and various state 
agencies have made their own modifications to the numbers. In the hands of a 
careful observer with an adequate data source, the method works reasonably well. 
It requires a great deal of data, however, and it suffers from some serious 
theoretical shortcomings; specifically, it cannot deal with three major aspects of 
hydrologic systems in the real world: 

- Causal chains in the real world are not isolated -- the hydrologic 
effect of soil and land cover depends on rainfall intensity, slope, 
and many other variables. We should not expect good results if 
we just multiply a set of independently derived, factors together. 

- Runoff velocities in the real world are not constant -- the speed of 
runoff (and therefore the lag time between rainfall and flood 
crest) depends on rainfall intensity, surface roughness, the 
presence of rills, and other variables that are not used as input 
data for a curve-number analysis at present. 

- Events in the real world are not temporally isolated -- the amount of 
moisture already in the soil has a significant affect on the 
runoff that occurs after a storm. Incorporating soil moisture 
into curve-number studies has proved awkward and difficult. 

For these reasons, the curve-number approach appears to have a limited lifetime. 
The Soil Conservation Service is already working on a replacement procedure, 
under the auspices of WEPP (Watershed Erosion Prediction Program). Land-cover 
categories for a water-resources GIS should therefore not be so rigidly tied to 
existing curve-number system that they cannot be applied to the new system when 
it is published (see T. Beach, chapter 9 in this volume). 

PROBLEMS WITH HYDROLOGIC CLASSIFICATIONS OF LAND COVER 

For optimal use, land cover classifications should include data on surface 
characteristics at a precise definition level, narrow temporal interval, and fine 
spatial resolution. As in the cas.e of virtually all forms of environmental data, the 
constraints of time and cost will force us to make a compromise between the ideal 
and the feasible. This, in turn, requires an understanding of the nature of the 
tradeoffs that occur when mcnsural, temporal, or spatial precision is sacrificed. 
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The curve-number table illustrates some of the problems that occur when 
definitions arc too wide (or measurements too imprecise). The general category of 
"residential use," for example, can include sites with curve numbers ranging from 
less than 60 to more than 90. With a storm of moderate intensity (say 3 inches in 
24 hours), a change from 60 to 90 can cause a twenty-fold increase in peak runoff 
(from about 32 cubic feet per second to more than 590) from a moderately sloping 
area of one square mile (all calculations here were done from tables in (or with the 
computerized version of) SCS 1986). Saturation of the soil (e.g. by a previous 
storm) can raise the curve number by as much as twenty points, which in turn can 
produce a flood peak that is eight to ten times as big as would occur with "normal" 
soil moisture. These differences in runoff from similarly named landscapes are 
staggering; our conclusion (after investigating cover on more than 10,000 tracts of 
land, in three watershed case studies and another dozen small study areas) is that 
the horizontal placement of cover-type boundaries is, in general. much less important 
than a precise description of cover at some carefully selected sample points. This 
description must include trends and seasonal changes as well as present cover 
character is tics. 

Temporal changes in land-cover traits 

The hydrologic traits of land cover can change through time, in a variety of 
ways. Obvious changes include alterations in the rates of interception of incoming 
rainfall, removal of soil moisture, or frictional resistance to downslope flow of 
water. When different cover types are considered, these temporal changes are 
neither steady nor unidirectional, but they often are predictable. Some land cover 
types have hydrologic traits that remain essentially stable through time. Others 
pass through a characteristic seasonal cycle (Badhwar 1980; Markham et al. 1981; 
see also Figure 6-5). 

An aerial photo or satellite image can capture only a single point along 
these seasonal curves, and by the time the data are ready for use, the cover has 
changed its character. There arc several ways to deal with temporal changes in 
surface cover: 

- update the cover classification with new imagery and field studies 
on a regular basis. The high cost/benefit ratio of this approach 
is a big factor; C. Gcrsmehl provides some data on costs of 
alternative sensing systems in chapter 7 of this volume. 

- gather land-cover data that is sufficiently detailed to allow the 
derivation of seasonal growth curves. This approach requires a 
spatial resolution that can discriminate individual crops; corn, 
hay, oats, and soybeans have crop cycles that are too dissimilar 
to be lumped into a single "field crop" category. 

- use data from other files to help discriminate major land cover 
classes and refine their hydrologic implications (Hutchinson 
1982). The savings in cost might more than compensate for the 
reduction in spatial precision of the output. 

The last option is, we believe, the most feasible for the near and medium future. 
Costs of aerial photographs and satellite imagery do not appear to be falling. 
Major improvements in resolution will be needed to provide data that arc accurate 
enough for site planning, although the present systems, carefully used, are 
certainly adequate for regional analysis. A good geographic information system, 
however, can allow other data files to help deal with the weaknesses in a given 

Classification of Land Cover Page 6-17 



SEASONAL TRANSPIRATION CURVES FOR DIFFERENT COVER TYPES 

CONIFEROUS FOREST BIG BLUESTEM PRAIRIE 
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Each graph shows a hypothetical seasonal curve of potential transpiration for a 
different type of vegetation growing on the same site in south-central Minnesota. 
The bluestem prairie, coniferous forest, and deciduous hardwoods represent some 
of the natural vegetation assemblages that were replaced by crops. Each has a 
characteristic seasonal pattern of soil water withdrawal that is related to the 
growth and maturity characteristics of the plants. For some cover types, such as 
bluegrass and alfalfa, the way the crop is used or managed affects the seasonal 
transpiration "calendar." Three curves compare the the patterns for bluegrass 
under managements, that mimic an uncut pasture, an occasionally cut lawn, and a 
frequen tly cut golf fairway. These graphs illustrate three main points: 

- a change in cover affects the hydrologic regime of the soil, 
- management can modify the regime of a single cover type, and 
- the seasonal extension of foliage also gives each vegetation type a 

distinctive seasonal pattern of rainfall interception. 

Figure 6-5 

Page 6-18 Design for a Water-Resources GIS 



file. For example, the need to know land use as well as cover is apparent in the 
hydrologic responses of bluegrass under different kinds of management (sec Figure 
6-5 again). An experimental program to develop a large set of these seasonal 
moisture-use curves for different land cover classes could greatly extend the utility 
of land-cover and land-use data. The proposed studies would not be inexpensive, 
because they should be done in a wide range of sites in order to accommodate 
different environmental conditions throughout the state. The results should be 
stored in a separate relational file in the information system, much like the soil 
interpretations described by Gcrsmehl et al. in chapter 10 of this volume. 

Spatial arrangements of land-cover traits 

The spatial pattern of various land covers within an area is often just as 
important as temporal trends. For example, consider a satellite image classification 
that describes a particular area as about 60 percent impervious and 40 percent 
vegetated. For a hydrologic simulation, it is important to know the sizes of the 
buildings and the way they are arranged in the area. In one case, the water from 
individunl segments of roof and pavement might be spread onto neighboring lawns, 
where it has a chance to infiltrate. In another case, the water from a big roof area 
is collected and funneled through a storm sewer system, which allows it to reach a 
stream system rapidly and contribute to an early flood crest (Figure 6-6). 

It would be easy to identify these differences with a field survey, but such 
studies are costly and time-consuming. An alternative to field or aerial surveys 
might be to use a separate geocoded land-use data file, which could help identify 
structures, while a hydrologic network file could shed light on channel and sewer 
connectivity (see Brown et al., chapter 12 in this volume). For this comparison 
procedure to work, the land-cover data must be available in a form that allows 
relational matching with other data files. Digital data from satellite sensors has 
some locational ambiguity (described by C. Gersmehl, chapter 7 in this volume), 
which introduces error into any attempt to relate land cover with other data files. 
This ambiguity can be partly alleviated by treating land cover in two stages: 

- a general map with coarse (square-kilometer) data cells, in which we 
can report only a count (inventory) of land cover types, with no 
attempt to specify their precise locations, and 

- a file of detailed point data, obtained by field measurements or by 
interpretation of high-resolution aerial photography. 

In sum, satellite imagery can furnish a relatively inexpensive way to assess 
the general extent and temporal changes in land cover within a large area, but it 
cannot provide the locational precision and measurement accuracy needed for true 
relational studies. A built-in locational "error" of about half a city block makes it 
impossible to relate land-cover files with data gathered at 100-meter intervals (e.g. 
elevations, as described by Corbett and Gersmehl, chapter 11 in this volume). 

Detailed field or airphoto measurements, on the other hand, can be made 
accurate enough for relational use with other data files, but they are often viewed 
as too costly and time-consuming for regional planning. One good point-relational 
measurement per square kilometer, however, is more than adequate for hydrologic 
simulations in a watershed the size of a township or larger. At the scale of a 
county, a point observation of slope, soil, land cover, and drainage traits every 25 
square kilometers will give better results than a blind merging of a soil-association 
map, a land-use map, and a 1:250,000 map of topography and stream networks 
(even if the latter arc digitized at a resolution of ten acres (4 hectares)). 
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DISSIMILAR HYDROLOGIC EFFECTS OF THREE URBAN AREAS 
WITH THE SAME STRUCTURAL DENSITY 

These maps and hydrographs illustrate the dissimilar patterns of runoff from 
three areas that each have 50 to 60 percent surface impermeability. Contour 
interval is 10 feet on the top maps; the bottom maps, with contours at 5-foot 
intervals, arc detailed views of the lower left corners of the top maps. 

1. Relatively high ground behind the houses and a scarcity of trees 
both act to increase volume of flow through the storm sewers. 

2. Discharge from this hilly moraine is low as a result of depressional 
storage, mature forest cover, and a lack of storm sewers. 

3. Large roofs on these buildings drain through gutters directly into 
storm sewers; the hydrograph has an early and high crest. 

1. Eden Prairie 2. Golden Valley 3. Edina 

• • • • • • • • • • 

Figure 6-6 
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CRITERIA FOR A HYDROLOGIC CLASSIFICATION OF LAND COVER 

Hydrologic simulations of runoff and infiltration are abstractions of 
reality; they must make some simplifying assumptions about what happens to water 
that strikes the surface. These simulations can be put into two broad categories: 

I) runoff models, which determine runoff on the basis of rainfall and 
surface conditions and assume that the remainder infiltrates, and 

2) infiltration models, which determine infiltration rates for given 
surface conditions and rainfall patterns and assume that the 
remainder runs off. 

The SCS curve approach, described above, is of the runoff type, and curves 
showing the relationships between precipitation intensity and runoff are available 
for a wide range of cover types and surface management practices. While land 
cover is only one of the variables used in selection of appropriate curve numbers, 
it is an essential element and the way data are collected must not hamper the curve 
selection process. 

Infiltration models are theoretically satisfying, but they have distinct data 
limitations. The physical processes that they deal with require measurements with 
a very fine time resolution (intensity of rainfall measured over minutes) and hence 
must deal with extreme variability over short distances. Closely spaced stations 
that record rainfall on an hourly or shorter basis do not exist in Minnesota (see 
Swerman and Baker, chapters 3 and 5 in this volume). Infiltration models also 
require data on soil porosity, which determines its water intake capacity. The 
structure and connectivity of soil macropores can vary substantially through time, 
because they are strongly affected by management practices. The limited 
availability of these data and the current lack of methods for scaling up from sites 
to larger areas hampers the use of infiltration approaches at the regional scale of 
analysis. At the same time, many believe that the infiltration approach has more 
promise as an avenue for research on runoff processes and the factors that lead to 
the initiation of sheet and gully erosion (see Nieber and Lopez-Bakovic, chapter 8 
in this volume). We propose adoption of a land-cover classification that would allow 
the use of infiltration models as well as curve-number simulations. 

LAND-COVER CATEGORIES FOR A WATER-RESOURCES GIS 

In this section, we will outline a land-cover classification that can serve as a 
framework for organizing data for a water-resources GIS. In selecting the category 
names and descriptions, we tried to devise a set of categories that were: 

I) helpful in explaining basin-to-basin variations in evaporation, 
streamflow, lake levels, and groundwater recharge; 

2) usable with current and projected hydrologic simulations; 

3) easy to discriminate using currently available technologies; 

4) as compatible as possible with other widely-used classifications of 
land use or land cover. 

Following the example of the land-use classifications devised by the USGS, 
the State Planning Agency, and the Metropolitan Council, we conceived of the 
land-cover classification as having several conceptual levels. These levels 
correspond roughly to scales of analysis and display. The first level includes those 
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categories of land cover that arc recognizable on remotely sensed images and 
mappable at a scale of a region or group of counties. The second level often 
requires some detailed observations, perhaps from low-flying aircraft but more 
commonly on-site. In some cases, the second level land cover includes information 
about land use. For example, a bare rock surface and a paved parking lot have 
similar hydrologic properties, but the latter is likely to be connected directly into a 
regional sewer system and therefore has a different hydrologic effect. 

By the time we reach the third level of the classification, the use of the 
land is an essential part of the proper interpretation of land cover. A corn field 
would fall into the subcategory of row crops within the general category of farm 
fields. Classifying at the next level down requires knowledge about the amount of 
residue left on the surface from the previous year's crop. Some field work is 
probably necessary to obtain this information, which is extremely important 
hydrologically. For example, consider a corn field where the land was plowed 
after cattle had grazed the stubble left from the previous year of corn. The 
amount of soil eroded from that field is likely to be more than thirty times as much 
as from a similar field where the corn was planted no-till into a grass sod (these 
data come from a discussion of the hydrologic effects of agricultural runoff in 
Stewart 1975, p. 23). 

For a regional study, these differences in corn-field management are likely 
to cancel each other out, and therefore the general category of row crops is 
probably adequate for a hydrologic simulation at the scale of a county. For a 
smaller watershed, the residue factor becomes more significant and the lower level 
of the classification is therefore necessary for successful simulation. At 
intermediate scales, a good GIS can provide some of the data required to draw 
distinctions among different kinds of cropping practices. For this reason, we have 
tried to choose category names that allow us to describe the land cover at several 
different scales -- as proportions of a square kilometer in broad categories (for 
regional studies) and as detailed site descriptions (for local studies). 

Rationale for the proposed set of land-cover categories 

Very few land surfaces are hydrologically pure. Most consist of mixtures of 
land covers with differing hydrologic properties. Our land-cover categories reflect 
this tendency for the world to be easier to describe as transitions rather than pure 
types. Specifically, our categories include four basic kinds of surface, which 
together occupy only a few percent of a typical watershed, and four transitional 
groups, which account for the overwhelming majority of the surface of the state. 
The basic categories are: 

Category 1 - Hard Surfaces. This category includes paved surfaces 
and outcrops of impervious rock (e.g. granites, shales, or some 
basalts) . On hard surfaces, runoff is usually the most important 
hydrologic process. Surface storage and evaporation into the air 
are definitely secondary, while infiltration and transpiration are 
almost negligible. I den tif ica tion of hard surface is essen tia 1 in 
order to use the storm runoff simulation developed by the Soil 
Conservation Service (TR-55), because that program includes a 
broad region of "unchanneled surface flow" that classifies all 
surfaces into "paved" or "unpaved." Subcategories for detailed 
studies might be based on homogeneity and/or relative elevation; 
porous rocks, parking ramps, cracked pavement, stone quarries, 
tile roofs, elevated roads, and sunken patios are all hydro-
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logically significant local variations on the theme of "hard 
surface." At the other end of the scale continuum, the category 
of hard surfaces all but disappears in a study of a multi-county 
region, because few areas of exposed bedrock or pavement are 
big enough to dominate an entire Landsat pixel. 

Category 2 - Pervious Earth Materials. This category includes bare 
ground, gravel pits, and other non-vegetated but pervious land 
surfaces. Runoff is often the most important hydrologic process, 
but infiltration is also significant, whereas surface storage and 
evaporation are minor and transpiration is all but non-existent. 
Soil data become very important in differentiating subcategories 
within this broad group. A gravel pit, sand dune, and clayey 
badland all fall into the category of bare ground, but their 
hydrologic properties are very different. Gravel roads pose 
another dilemma, since the degree of imperviousness is partly a 
consequence of the amount of use. The category of pervious 
surfaces is especially significant in the urban fringe, where 
construction sites can be the most important modifiers of the 
"normal" hydrologic cycle. 

Category 3 - Surface water. The obvious subcategories of surface 
water are lakes (standing water bodies) and streams (flowing 
watercourses). Large lakes are fairly easy to discriminate on 
satellite images and therefore they form a logical category at the 
broadest level of the classification. Streams, by contrast, are 
often too narrow to register on LANDSAT sensors, yet their 
hydrologic role is unquestioned. Evaporation is usually the most 
important hydrologic process in areas of standing water, though 
runoff through surface outlets or seepage into the ground are 
certainly important in some lake basins. From a hydrologic 
simulation point of view, the logical subclassification of lakes 
would be in terms of their relative contributions to surface 
runoff or groundwater recharge (or their role as destinations for 
those two kinds of flow). For this reason, we have difficulty 
accepting a blanket curve number of 100 for all standing water 
(Young et al. 1986). The connotation of "total runoff" certainly 
applies to large rivers and reservoirs full of water, but much of 
the standing water in Minnesota lies in glacial depressions. 
These lakes and ponds are effectively isolated from the regional 
drainage system and therefore serve as hydrologic "sinks," for 
which a curve number of zero (no runoff) would be appropriate. 
Clearly, the reality of hydrologic systems dictates a program of 
point observation rather than a slave-like following of a printed 
curve-number table. 

Category 4 - Persistent Vegetation. Forests, grasslands, savannas, 
shrublands, and similar subcategories of persistently vegetated 
cover all have two features in common: they protect the ground 
surface from direct raindrop impact, and they probably transpire 
a big share (if not most) of the incoming water back into the 
atmosphere. Runoff is important in some areas of intense rain, 
shallow soil, or steep slope. Infiltration and groundwater 
recharge are significant in areas with permeable soil. Desert 
shrubs and tundra lichens are near the margins of the concept of 
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"persistent vegetation cover," but they are fortunately quite rare 
in Minnesota. Intensively grazed pastures, orchards, and golf 
courses are likewise best viewed as minor groups, distinguishable 
only at lower levels of the land-cover classification. Of greater 
significant at Level 3 (i.e. within the subcategories of "forest" or 
"grassland") are the condition classes that form a prominent part 
of the Universal Soil Loss Equation or the Peak Flow Simulation. 
A modest storm (say 3 inches in 24 hours) will probably produce 
eight to ten times as high a flood from an overgrazed as opposed 
to a well-managed pasture on Seaton silt loam (a typical soil in 
the southeastern part of Minnesota; analysis following SCS 1986). 
Similarly, there is a great deal of hydrologic difference between 
a sparse grove of young aspens and a dense stand of spruce trees. 

These four "pure" cover types (if they really exist anywhere in pure form) could 
serve as the poles of a logical tetrahedron, within which all of the transitional 
forms that cover so much of the state would be found. For the purposes of 
interpretation of LANDSAT images, we recognized four broad categories of 
transitional land cover: 

Category 5 - Wetlands. These range from shallow lakes with a few 
emergent plants to dense forests that remain flooded for much of 
the time in most years. In Minnesota, the cattail marsh is the 
quintessential wetland. Unfortunately, at some seasons of the 
year, such marshes are difficult to differentiate from cornfields 
on satellite imagery. Inclusion of topographic or soils data 
usually simplifies the problem of identifying wetlands. The 
hydrologic role of wetlands as areas of temporary storage is 
extremely important. Their role as contributors to groundwater 
aquifers, by contrast, is probably overrated (would they remain 
wet if downward seepage was an important part of their local 
hydrologic cycle?) Evapotranspiration is the predominant 
process in most wetland environments, though seepage and 
surface runoff are no doubt important in some places. 

Category 6 - Temporarily Vegetated Surfaces. Most annual crops fall 
into this category, which is transitional between bare surface and 
vegetation cover. For the purposes of hydrologic simulation, 
subcategories based on crops with distinctive annual life cycles 
may be most useful. Arranged in order of increasing runoff and 
erosion potential, these might include soybeans, corn, oats, wheat, 
alfalfa hay, and rotation pasture. As noted in an example above, 
prior use of the land, tillage techniques, pest-control methods, 
and other management practices have a very significant role in 
modifying the basic hydrologic traits of these "managed" land 
covers. If remotely sensed imagery is available for the right part 
of the year (or, better yet, for two or more time periods through 
the growing season), it is easy to discriminate row crops, grains, 
and most hay. Soybeans also have distinctive "signatures" that 
are clearly different from those of corn, but specialty crops such 
as potatoes, flax, or sunflowers can pose problems. 

Category 7 - Developed Areas. This category consists of mixtures of 
built structures, paved areas, and persistent vegetation (trees and 
grass). As such, these land covers are hydrologically transitional 
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between categories 1 and 4 (with some Category 2, bare ground, 
in areas undergoing construction). Most hydrologic simulations 
require subcategories based on the "density" of the structures (the 
proportions of impervious and vegetated surfaces). Fortunately, 
this continuum is quite easy to see on LANDSAT images (and 
aerial photographs made with color infrared film), because the 
reflectance of infrared radiation is directly related to the 
proportion of surface covered by living vegetation (C. Gersmehl, 
chapter 7 in this volume). That amount of vegetation cover also 
governs the relative importance of evapotranspiration and runoff 
in the local hydrologic cycle. The situation is complicated by 
one blunt fact -- the hydrologic significance of an impervious 
surface depends primarily on whether it is connected to a sewer 
or other drainage outlet. Field checking (or a detailed map of 
drainage networks in an information system) is thus needed to 
determine the proper subcategories of a particular density group. 

Category 8 - "Typical Minnesota." This category includes all of those 
mixtures of structures, grass, and trees that also contain a 
significant amount of water or wetland. Small lakes, ponds, 
marshes, and other depressions have a profound impact on the 
local hydrologic cycle. Indeed, the construction of artificial 
ponds and diversions is an effective way of mitigating some of 
the adverse hydrologic impacts of urban development. The role 
of these water-detention areas is so significant that it may be 
useful to take an area from Category 5, 6, or 7 and put it in 
Category 8 if the amount of wetland exceeds some threshold. As 
in the case of the other transitional categories (only more so), the 
breakpoints between subcategories in this group depend on rather 
arbitrary decisions about the amount of wetland needed to have 
a noteworthy hydrologic impact. Alternatively, one might deal 
with small wetlands and lakes by deleting their area (and the 
area that drains into them) from the total extent of a watershed 
being analyzed (SCS 1981). In that case, the classification would 
consist of seven categories and a number indicating the extent of 
internally drained land in each unit of area. Regardless of the 
strategy adopted, we should note that the facile assigning of 
areas to Category 8 in order to make an easy decision at the time 
of land-cover analysis will only make a later decision more 
difficult, because the proper curve number for a Category 8 
landscape is very difficult to determine. 

We recommend that a land-cover typology like this one be explored by the planning and 
resource professionals of the state. The refined typology can then be used to derive 
hydrologic categories for simulation studies. These categories, in turn, will be 
more useful if we can relate, on a point-by-point basis, the land-cover data with 
files on land use patterns, sewer systems, drainage networks, soil types, terrain 
characteristics, and planning units. For this reason, we recommend the gathering 
of land-cover information for the water-resources GIS by point sampling (as 
described in Figure 2-6 of this volume), as well as interpretation of remotely 
sensed images, as described in chapter 7 of this volume. Furthermore, the display 
of land-cover data should be done carefully. There are good automated techniques 
for making areal generalization (as described by Monmonier 1983), but these 
cartographic operations should occur only when preparing maps for certain types 
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of publication; land-cover files should not be areally smoothed prior to entry into the 
GIS. Generalization of this kind will destroy some of the relational characteristics 
of the data and thus render the GIS much less usable for hydrologic simulation. 

We have used a subset of this type of classification in our analyses of 
demonstration watersheds in east-central Minnesota (Table 6-l, adapted from 
Anderson et al. 1987). These studies have clearly shown the utility of the 
classification, but they have also highlighted some essential limitations. Some of 
these are consequences of the data sources used. Others are inherent in the process 
of analyzing land cover at a regional scale. We would summarize our experience in 
the form of five general principles: 

- The classification of land cover for a water-resources GIS should 
not imply any more precision than can be justified on the basis 
of the input data. The level of detail needed to make useful 
regional planning decision is much less precise than what is 
required for site planning. We should not inadvertently give the 
impression that we have the latter when we have only invested 
enough for the former. 

- At the same time, the classification should not be so rigid that it 
prevents substitution of better data as they become available. A 
systematic procedure for continuous updating is preferable to 
trying to live with known imperfections. 

- The classification should be open to the inclusion of things not seen 
in a preliminary study area at the time of analysis. Application 
in a different area or at a different time will probably require 
some changes in the categories. 

- The classification must be flexible in accommodating the needs of 
different users. This is not a plea for a general-purpose set of 
categories that are too vague to be useful to anyone. On the 
contrary, we believe that the best way to meet different needs is 
is to store the most precise measurement (i.e. the point data) in 
the data file and to generate output with the aid of a separate 
interpretation table that groups those points into categories 
suitable for a particular purpose (a similar procedure for soils is 
described in Gersmehl et al., chapter 10 in this volume). 

- Finally, the classification should be subject to criticism, and soon. 
We do not propose adoption as is, but rather that a discussion be 
started that could lead to a more functional classification . It 
would be presumptuous of us to try to propose a full-fledged 
classification that meets a wide range of applications without 
inputs from those practitioners. 

For these reasons, we propose that those involved in using land-cover data should 
examine the structure of this classification, see how it worked in the case studies, 
and be prepared to suggest modifications. The goal is to establish a framework for 
the systematic gathering of data that could be useful for many of the planning 
professionals Minnesota. 
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Table 6-1. Categories used with Landsat classification of Twin Cities land cover 
(Adapted from Anderson et al. 1987) 

LEVEL I 

2 

3 

4 

5 

6 

7 

LEVEL II 

21 

30 

41 
42 

50 

61 
62 
63 

71 

72 

73 

74 

75 

CATEGORY 

* Hard Surfaces 

Pervious Earth Materials 

Gravel pits; extractive 

Surface Water 

Surface Water (Undifferentiated) 

Persistent Vegetation 

Forested; woods; trees 
Grassland (Pasture, open-space 

recreation) 

Wetlands 

Wetlands (Undifferentiated) 

Temporarily Vegetated Areas 

Cover Crop (Hay, Alfalfa) 
Small Grains 
Row Crops (Corn, Beans) 

Developed Areas 

Commercial; Industrial 
(large structures, +85 % 

impervious) 
High Density Residential (HDR) 

(<1/8 acre, small to medium-sized 
structures, roughly 65 % imp.) 

Medium Density Residential (MDR) 
(1/8 to 1/2 acre, small structures, 

roughly 35 % imp.) 
Low Density Residential (LDR) 

( 1/2 to 1 acre, small structures, 
roughly 25 % imp.) 

Very Low Density Residential (VDR) 
(> 1 acre, small structures, roughly 

20 % imp.) 

* "Hard Surfaces" as a category was not distinquishable from commercial, 
industrial, or other high-density land covers using Landsat at 100 meter resolution; 
in most cases, it was lumped in with Category 71, "Commercial; Industrial". 
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SUMMARY AND CONCLUSIONS 

In this chapter, we have drawn a distinction between a land-use type (an 
economic category with a broad range of physical traits) and a /and-cover type (a 
physical category with predictable hydrologic consequences. We examined several 
existing classifications of land use and determined that they had too much within
class variability to be useful for hydrologic simulations. An examination of the 
interactions between land cover and soil traits (and the way current hydrologic 
simulations deal with them) formed the basis for a proposed classification of land 
cover. After review by appropriate State agencies, this classification may provide 
a framework for data entry into a water-resources GIS for Minnesota. The final 
classification should remain consistent with the following general conclusions: 

1) A count system (point-sampling for inventory purposes) is better for 
hydrologic simulation than a tag method (classifying areas on the 
basis of the dominant features within them). It is preferable to 
describe data cells in terms of the proportions of various land 
covers, rather the category that best fits the entire data cell. 

2) The sampling design must be able to "capture" some kinds of land 
cover that have great hydrologic significance despite their minor 
areal extent (e.g. paved areas, reservoirs, and roads). There is 
always a tradeoff between sample resolution and data accuracy. 

3) A combination of several data files may improve the accuracy of 
land cover data. For example, ambiguity in satellite images of 
corn fields and marshes can be reduced by noting poorly-drained 
sites in a soil file and low areas in a terrain file. Inclusion of 
population counts, sewer networks, building permits, and zoning 
data in the GIS may clarify land-cover patterns in urban fringes. 

4) Counting land-cover types in data cells of one square kilometer is a 
reasonable compromise between the requirements for hydrologic 
simulation and the costs of obtaining data and verifying its 
accuracy. Such an inventory is easy to relate to other data files, 
using the Universal Transverse Mercator coordinate system for 
reference. Areas of one square mile may appear to be a viable 
alternative, but the alignment of land uses with the square-mile 
survey system can introduce some serious statistical inaccuracies. 

5) Output maps from an inventory system must be carefully made to 
avoid misinterpretation. As a rule of thumb, the output map 
should be at least a full order of magnitude less detailed than 
the observations. Satellite images allow us to say, with some 
confidence, that "X percent of area Y has land-cover type Z," but 
we have much less confidence in trying to describe land cover at 
a specific point. Innate problems with interpreting aerial 
photographs or classifying satellite sensor data make it difficult 
to describe the land cover at a specific point with absolute 
certainty. For that reason, the system that produces maps from 
remotely sensed data should not be permitted to portray data at 
individual points; instead, it should display only the proportions 
of larger areas that fall into particular categories. For more 
detailed locational information, field surveys are necessary. 

Page 6-28 Design for a Water-Resources GIS 



REFERENCES 

Anderson, J. R., E. E. Hardy, J. T. Roach, and R. E. Witmer. 1976. 
A Land Use and Land Cover Classification System for Use With 
Remote Sensor Data, Professional Paper 964, United States 
Geological Survey, (Washington, D. C.: Department of the 
Interior). 

Anderson, K., et al. 1986 Cell Size and Simulation Modeling of Water 
Resources at a Regional Scale, in Nieman, B. J., Jr., editor, 
Proceedings, Urban and Regional Information Systems 
Association, Denver, 203-213. 

Anderson, K. L. et al. 1987. Twin Cities Surface Water Simulation 
Modeling Demonstration, Special Report Number 12 (St. Paul, 
Minnesota: Water Resources Research Center) 

Badhwar, G. D. 1980. Crop Emergence Date Determination from 
Spectral Data, Photogrammetric Engineering and Remote Sensing 
46:369-377. 

Bureau of Reclamation. 1977. Design of Small Dams, Revised 
Reprint of the Second Edition, Water Resources Technical 
Publication (Washington, D.C.: Department of the Interior) 

Hjelmfeldt, A. T., Jr. 1980. Empirical Investigation of Curve Number 
Technique, Journal of the Hydraulics Division, American Society of 
Civil Engineers 106:1471-1476. 

Hutchinson, C. F. 1982. Techniques for Combining Landsat and 
Ancillary Data for Digital Classification Improvement, 
Photogrammetric Engineering and Remote Sensing 48:123-130. 

Jensen, J. R. 1979. Spectral and Textural Features to Classify 
Elusive Land Cover at the Urban Fringe, Professional Geographer 
31:400-409. 

Jensen, J. R. 1983. Urban/Suburban Land Use Analysis, in R. N. 
Colwell, editor-in-chief, Manual of Remote Sensing (Falls Church, 
Virginia: American Society of Photogrammetry), 1571-1666. 

Johnson, H. P., K. E. Saxton, and D. W. DeBoer. 1970. The Effect 
of Man on Water Yield, Peak Runoff, and Sedimentation, 
Proceedings of the Iowa Academy of Science 76:153-166. 

Kent, K. M. 1973. A Method of Estimating Volume and Rate of 
Runoff in Small Watersheds, Technical Publication 149 Soil 
Conservation Service (Washington, D.C: Department of 
Agriculture) 

Markham, B. L., D. S. Kirner, and C. J. Tucker. 1981. Temporal 
Spectral Response of a Corn Canopy, Photogrammetric Engineering 
and Remote Sensing 47:1599-1605. 

Michigan Department of Natural Resources. 1982. Soil Erosion and 
Sediment Control (Lansing). 

Classification of Land Cover Page 6-29 



Monmonier, M. S. 1983. Raster-Mode Area Generalization for Land
Use and Land-Cover Maps, Cartographica 20:65-91. 

Munekiyo, M. T. 1976. The Use of an 
Standard in Management of Storm 

Environmental Performance 
Runoff from Urbanizing 
Hawaii Environmental Hawaiian Watersheds (Honolulu: 

Simulation Laboratory). 

Soil Conservation Service. 1981. Erosion and Sediment Control Design 
Handbook for Developing Areas of New Hampshire (Durham, New 
Hampshire: Department of Agriculture). 

Soil Conservation Service. 1986 .. Urban Hydrology for Small Water
sheds, Technical Release 55, Second Edition (Washington, D. C.: 
Department of Agriculture). 

Stewart, B. A., Coordinator. 1976. Control of Water Pollution from 
Cropland, Volumes I and II, Agricultural Research Service 
(Washington, D.C.: Department of Agriculture) 

Swank, W. T. and J. E. Douglass. 1974. Streamflow Greatly Reduced 
by Converting Deciduous Hardwood Stands to Pine, Science 

185:857-859. 

Trimble, S. W., F. H. Weirich, and B. L. Hoag. 1987. Reforestation 
and the Reduction of Water Yield on the Southern Piedmont 
Since Circa 1940, Water Resources Research 23:425-437. 

Young, R. A., C. A. Onstad, D. D. Bosch, and W. P. Anderson. 1986. 
Agricultural Nonpoint Source Pollution Model: A Watershed 
Analysis Tool (St. Paul: Minnesota Pollution Control Agency). 

Page 6-30 Design for a Water-Resources GIS 



CHAPTER 7 

LAND COVER DATA FOR A WATER RESOURCES GIS 

Carol A. Gersmehl 

GEOGRAPHY DEPARTMENT 

UNIVERSITY OF MINNESOTA 

WATER RESOURCES RESEARCH CENTER 
UNIVERSITY OF MINNESOTA 

ST. PAUL, MN 55108 
JUNE 1987 



ACKNOWLEDGEMENTS 

This Chapter is part of a larger project supported by funds from the 
Legislative Commission on Minnesota Resources and supervised under contract 
with the Department of Natural Resources. 

I also gratefully acknowledge the assistance of many people who have 
provided help during this research. Bruce Rado, Alessandra Waldrop, and Jeff 
Dooley of the ERDAS User Support Staff were willing and able in answering our 
questions about the image-analysis software. Dave Cowen and John Jensen of the 
University of South Carolina provided insights on questions that ranged from 
hardware links to land-use changes in the urban fringes. Many people participated 
in the field checking excursions, including Dwight Brown, Nick Dunning, Richard 
Greene, Phil Gersmehl, and Kevin Anderson; Nick also did a great deal of work on 
preliminary classification and Kevin helped in many ways with computer file 
transfers and software problems. Kathy Gammon of the Metropolitan Council 
Public Information Office facilitated getting aerial photographs of selected areas. 
Jim Young helped with some of the diagrams and maps. Finally, I would like to 
thank Connie Koski and Tim Robinson of the University Printing Department, 
who were of great assistance in producing the color maps. 

Page 7-2 Design for a Water-Resources GIS 



SUMMARY: Land Cover Data for a Water Resources GIS 
C. Gersmehl, WRRC, University of Minnesota 

Issues 

To gather land-cover information efficiently, the designers of a water
resources Geographic Information System must deal with four fundamental issues: 

I) Temporal changeability of land cover. Land cover can change 
markedly from year to year, season to season, even day to day. 
Satellite imagery has rei a ti vel y poor spatial resolution but better 
temporal resolution than aerial photographs or ground surveys. 
Our recommendations should consider the tradeoffs between map 
accuracy and timeliness in making maps of land cover. 

2) The weather vulnerability of remote sensing. Benign atmospheric 
conditions are important to the success of most kinds of civilian 
remote sensing. Our recommendations should make allowance 
for the fact that place-to-place variations in air transparency 
and cloud cover can disrupt plans to use Landsat tapes (or other 
satellite imagery) as a source of data on land cover. 

3) Automated image analysis. Modern software makes it possible to 
"train" a computer to recognize the reflectance traits of areas of 
known land cover. With an adequate selection of training fields, 
a computer can classify most of the individual elements (pixels) 
of a Landsat scene into spectral categories that are reasonably 
homogeneous. Our recommendations should assess the utility of 
automated image-processing in land-cover analysis. 

4) The necessity for relational structure in the GIS. When data are 
related to a common coordinate system, a simulation can get data 
on land cover, soil, and slope at the same place and thus reach a 
valid conclusion about erosion or runoff. Our recommendations 
must make allowances for the nature of the data files that will 
be used with the land cover file in solving a resource problem. 

Findings 

The goal is to build a land-cover data base that can describe tracts of land 
with reasonable precision, make regional inventories with acceptable accuracy, and 
facilitate relational use with other data. To obtain a basis for recommendations, 
we investigated the methods, accuracy, and efficiency of automated classification 
of Landsat imagery. Our findings include the following: 

Before we can get them, Landsat images have undergone analog-to
digital translations and several radiometric and geometric 
corrections that inevitably introduce some locational imprecision. 

A rectified image can be related directly to other data files on UTM 
coordinates, but locations on such an image are only approximate 
and may deviate by as much as 100 meters from "true" positions. 

Satellite sensors "see" energy reflected from a large area (almost two 
acres per data "point"), and therefore small features like houses 
are just part of a a spatia II y averaged signa 1. 
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Spectral data can overlap in complex ways, making it difficult to 
separate buildings from gravel pits or marshes from cornfields. 

Despite these limitations, we can achieve an accuracy of 60 percent in 
classifying 100-meter pixels into level II land cover types. 

Lumping 51 individual spectral "signatures" into 16 composite groups 
for training did not reduce accuracy significantly, but a large 
number of signatures is important in order to span the range of 
spectral characteristics within each major land-cover class. 

Fine spatial resolution is expensive. 100-meter pixels need one-fourth 
the storage space of 50-meter pixels, but seem to provide almost 
as much accuracy in identifying broad land-cover categories. 

Healthy vegetation produces a strong reflectance in the infrared 
bands on multi-spectral scanner data tapes; this fact may allow a 
fairly direct gauge of evapotranspiration in a watershed. 

Recommendations 

On the basis of these findings and the results of other investigations, we 
make four recommendations concerning the use of Landsat imagery as a source for 
land-cover data in a water-resources geographic information system: 

I) Use a supervised classification and obtain at least three or four 
training areas for each category, so that the composite signature 
spans a range of reflectances from examples of each land-cover 
type with demonstrated hydrologic significance. 

2) Store data in grid form, with 100 pixels per square-kilometer data 
cell, registered to Universal Transverse Mercator coordinates. 
The GIS should not output the data at that resolution, however, 
nor try to match Landsat values one-on-one with other data at 
that fine a resolution, because the satellite imagery has an 
unavoidable, inconsistent, but significant positional error. 

3) Once the GIS is operational, use the climate, terrain, and soil data 
files to evaluate and improve the land-cover files. For example, 
ambiguity in Landsat images of marshlands can be reduced by 
noting poorly-drained soils in the soil file and low areas in the 
terrain file. Inclusion of building permits, plat maps, and zoning 
data in the GIS may clarify patterns in urban-fringe areas. 

4) Pay special attention to methods used in making maps from a 
Landsat classification, in order to avoid misinterpretation. The 
automated classification procedure allows us to estimate the areal 
extent of a given land-cover type quite accurately, but it does 
not permit precise description of small areas. For that reason, 
the system should simply not be permitted to portray data for 
individual pixels; instead, it should display only percentages of 
larger areas that fall into particular categories. As a rule of 
thumb, the output map should display data at a resolution that is 
a full order of magnitude less detailed than the sample data. In 
the case of Landsat classifications, that means that a square
kilometer data cell is the minimum size of area that should be 
shown on an output map. 
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LAND COVER DATA FOR A WATER RESOURCES GIS 

Carol A. Gersmehl 

INTRODUCTION 

The purpose of this project is to describe hydrologic processes (e.g., runoff 
and evaporation) for a variety of urban and rural areas in Hennepin and Dakota 
counties. Hydrologic simulation requires good information about land cover, and 
we had to choose among several ways to gather such information. In the case of 
small areas (e.g., one square kilometer or one square mile), we have walked and 
driven with topographic map in hand and recorded what we saw. This on-the
ground field checking is extremely time-consuming, especially in areas that lack 
up-to-date maps and air photos but exhibit land use change (i.e., new suburban 
housing on previously farmed land). In our medium-sized study areas (e.g., an 80 
square-mile watershed), field checking is impractical and we obtained land-cover 
data by interpreting aerial photographs (also in relation to topographic maps). 
These photos are taken from a variety of altitudes (e.g., 12,000, 20,000, and 40,000 
feet) and provide a far-reaching, overhead view of land covers. Extremely large 
areas, such as the seven-county metropolitan area, require a tremendous amount of 
coding if air photos are the source of information. As an alternative to visual 
interpretation of air photos, we decided to explore computer analysis of satellite 
data. The Landsat-5 satellite orbits at an altitude of more than 400 miles (705 km), 
records reflected light energy from various land covers below, and sends the data 
back to earth as electronic signals. This digital data is the raw material from 
which we will try to derive land-cover information for the Twin Cities 
demonstration projects (see Anderson et al. 1987). 

PRIOR STUDIES OF LAND COVER OR LAND USE IN THE TWIN CITIES 

Before we describe our work with satellite imagery, we should consider 
several decisions and problems encountered when using visual interpretation to 
obtain land cover information from air photos and satellite images. One better 
appreciates the problems and opportunities afforded by computer analysis of 
satellite data if one first examines a I tern a ti ve strategies. 

A study by Brown et al. (1975) used visual interpretation of ERTS satellite 
imagery projected onto a map base that had major roads and drainage networks. 
One product of this research was an eight-category map of major land uses in the 
seven-county metropolitan area. This map has a scale of I :250,000 and is unable to 
show any discrete areas smaller than about 40 acres. 

The Metropolitan Council project described by Tomaselli and Gilhousen 
(1987) worked at a much finer scale and relied primarily on air photos as a source 
of data. Total cost to purchase 1980 air photos, interpret land use polygons, and 
digitize them into computer-usable form was $165,000 for the Twin Cities 
metropolitan area. The same three steps to update from 1984 photos added $68,000. 
Interpreting land usc from air photos and transferring the coded categories to 
computer-usable form was extremely expensive because the Metropolitan Council 
coded areas as small as one acre into more than a dozen land-use categories across a 
seven-county area (for a discussion of the distinction between land use and land 
cover, see Gersmchl et al., chapter 6 in this volume). 
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Early in our project, we used aerial photography as the data source for an 
84-square-mile watershed near Rochester, Minnesota. The Bear Creek watershed is 
predominantly rural, and we used roads, patches of woods, and farmsteads to 
match forty-acre areas on the air photos to their counterparts on 1:24,000 
topographic maps. Air photos for July 19, 1971, were clearly not up-to-date, but 
there was no cost to check them out of the University of Minnesota Map Library. 
Despite their age limitations, we could use these 1:20,000 scale, black and white air 
photos to explore problems of land cover interpretation in a rural area. 

Visual interpretation was least ambiguous in built-up areas and where 
forests covered large tracts. However, differentiating pasture, cover crops, small 
grains and row crops (corn and soybeans) was more difficult. For example, small 
grains seemed to have the lightest values; row crops frequently had the darkest 
values and a corduroy-like texture under a 10-power magnifier while cover crops 
sometimes appeared to have mowing patterns. We did our best to be consistent. 
However, like several other air photo interpretation projects, we could not produce 
a measure of our coding accuracy; we would have needed field work from 1971 or 
a second person to replicate the 60 hours of interpretation. 

When the Metropolitan Council coded land use for the 3000 square miles of 
seven counties, they used several aids in addition to visual interpretation of air 
photos: building permits, local comprehensive plans, telephone directories and 
Cole's Directory. Their land use classification did not differentiate among 
agricultural crops or among different densities of single-family housing. As Table 
7-1 suggests, different projects work toward different purposes at different levels 
of detail, with different costs. It should also be obvious that detailed analysis of 
land cover on the basis of aerial photography interpretation is an expensive 
proposition, especially if one must pay for the flying time in order to get up-to
date photographs. 

CHARACTERISTICS OF SATELLITE IMAGERY 

We decided to explore automated analysis of Landsat imagery as well as 
visual air photo interpretation because we wanted a fast, relatively inexpensive, 
and very up-to-date picture of land cover, not land use, for large areas within the 
Twin Cities metropolitan area. The currently operational Landsat-5 satellite orbits 
the earth at an altitude of 705 km (438 mi) and continuously views the surface. Its 
sensors record the amount of energy reflected from discrete football-field-sized 
areas on the ground. The satellite transmits data about millions of these areas 
back to receiving stations on earth. 

Landsat-5's orbit was designed to carry out the following objectives 
(American Society of Photogrammetry, 1983): 

1. The orbit is circular in order to maintain nearly constant elevation 
above the surface, which in turn would ensure comparable image 
scale and resolution. 

2. The orbit is sun-synchronous; the satellite keeps pace with the 
earth's rotation so that sun illumination remains reasonably 
constant during specific seasons. Landsat-5 passes over a given 
place at the same mid-morning time (i.e., same local sun time). 

3. The orbits are repetitious. After 233 orbits in 16 days, the satellite 
has covered the entire globe and is ready to repeat a previous 
orbit. Consequently, the same place on earth is viewed at 16-day 
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Table 7-1 

Coding Land Cover through Visual Interpretation: 

A Comparison of 3 Projects 

Tomaselli Gersmehl Brown et al. 
Desired updateable information in map to stand 

product map relation to alone 
(purpose) other data 

Area Twin Cities Bear Creek Twin Cities 
size 3,000 SQ. mi. 84 SQ. mi. 3,000 SQ. mi. 

Data source air photo air photo satellite image 
having along with along with 

coordinates topographic map map base 

Scale of photo I:9,600 I:20,000 I: I25,000 
or image 

Data cost $30,000 $0 ? 
(1980 photos) (library photos) 

Coding cost $I2/mi2 $7 /mi2 $.18/mi2 
($35,000) ($600) 

Coding process polygon 40 acre cell polygon 
(reasonably (by fifths) 
homogeneous areas) 

Smallest area I acre 8 acres 40 acres 
coded occasionally consistently occasionally 

s 
Categories (number) I3 I5 6 

(type) land use land cover land use 
:s 

Accuracy? coding aids coding problems field checking 
(no test?) (no test) problems 

Making coding digitizing keying in by not done 
computer- maps township la2,out 
readable ($31/mi 2) ($.60/mi ) 

($95,000) 
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intervals, so we can use the satellite to see seasonal change in 
land cover, for example. 

These three characteristics are important because we wanted to compare 
views of land cover from different dates. Data from two dates would enable us to 
determine which season could provide the best kind of imagery for our purpose; it 
would also allow us to see changes in land cover through the growing season, 
especially in agricultural areas. In addition, we could compare results derived 
independently at different times as a check on the accuracy of our automated 
land-cover classification procedures. 

Sources and dimensions of satellite images 

Several government agencies have operated various Landsat satellites in the 
past, including the National Aeronautical and Space Administration (NASA) and 
the National Oceanic and Atmospheric Administration (NOAA). Currently a 
private company, Earth Observation Satellite Company (EOSAT), under contract to 
the U.S. government, directs the Landsat program and sells computer tapes 
containing data captured by Landsat satellites. EROS Data Center in Sioux Falls, 
South Dakota, serves as the clearinghouse for Landsat data. Although we chose to 
use Landsat-5 MSS data, we might have selected either a different Landsat-5 
system (Thematic Mapper or TM) or a different satellite (SPOT1 from a French 
company named Satellite Probatoire pour !'Observation de la Terre; for more 
information on these alternatives, see SPOT Image Corporation, 1987; American 
Society of Photogrammetry, 1983). In general, both TM and SPOTI would provide 
sharper imagery resolution and greater radiometric and geometric accuracy, but 
their imagery costs from four to ten times as much to obtain, store, and process 
(see Figure 7-1). 

After obtaining information from the EROS Data Center, we purchased a 
total of four Landsat-5 MSS scenes from EOSAT. Along with computer compatible 
tapes, we bought black and white images for two dates in summer 1986--June 2 and 
August 21. The satellite images of the metropolitan region were reasonably free of 
clouds on those days. Fortunately, most of the seven counties of the Twin Cities 
metro area fit onto a single Landsat scene (Figure 7-2). A small portion of Anoka 
County overlapped into the next scene to the north, which still represents the same 
orbital path. If the study area had extended onto an adjacent orbit to the east or 
west, the task of land-cover classification would have been much more difficult, 
because the nature of the satellite orbit is such that neighboring image paths are 
covered a week apart (Figure 7-3). 

The computer software used to perform the automated image analysis is not 
capable of handling an entire Landsat scene at one time. For this reason, we chose 
two sub-areas for intensive analysis. A northern image, focused on Hennepin 
County, covered approximately 1,400 square kilometers and included downtown 
Minneapolis, northern and western suburbs, and agricultural areas (Color Plate 7-
lA, at the end of the chapter). Another image from Dakota County was 730 square 
kilometers and focused on the Vermillion River Basin (Color Plate 7-4A). This 
second image was primarily agricultural but included scattered urban development 
at the southern edge of the metropolitan area. Both images included a variety of 
Minnesota landscapes: hilly moraines, undulating glacial till, and level outwash 
plains. Automated analysis of Landsat imagery would keep track of 140,000 pixels 
(data cells) from northern Hennepin County and 73,000 pixels from Dakota County. 
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Figure 7-1. Comparison of Landsat-5 MSS, TM, and SPOTl Imagery 

MSS 

TM 

SPOTI 

Return Spectral IFOV Size of Cost for 
time to bands (ground scene scenes to 
repeat sensed resolu- cover metro 
orbit (number) tion) area 

every 4 82 by 185 by $1420 
16 days 82 meters 185 km (for 2 

scenes) 

every 7 30 by l/4 $6600 
16 days 30 meters of (for 2 

(for 6 bands) MSS scenes) 
scene 

twice 3 20 by 60 by $17,000 
a week 20 meters 60 km (estimated 

for 12 scenes) 

Figure 7-1. SPOTI and TM gather data 
from smaller ground areas than MSS does. 
Dimensions are in meters for one side of 
a cell (Adapted from Spot Image 
Corporation, 1987). 

RiPer 

Landsat scene 
L.---------185 Km width-----------+' 
D~PT OF UEOGRAPHY UNIV 0~ MINNESOTA 

MSS 

82m 

TM 

I SPOT! 

30m I 
20m 

10m 

Ground resolution 
for pixel 

Figure 7-2. Each Landsat-5 MSS scene is 185 km (100 nautical miles) wide, and the 
Twin Cities metropolitan area occupies about one-third of a scene. Cost for each 
MSS scene was approximately $700; we purchased two scenes for June and two for 
August. 
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Spectral characteristics of satellite imagery 

Satellites have been called "eyes in the sky." Like human eyes, Landsat 
satellite sensors record reflected light (i.e., electromagnetic energy) from ground 
surfaces that they view. Unlike human eyes, Landsat sensors respond to a larger 
number of wavelengths, so they "see" differences that do not exist for the human 
eye. For example, we see green wavelengths (between .5 and .6 microns) reflected 
by vegetation, but we do not see the infrared wavelengths (between .7 and 1.3 
microns) that healthy leaves reflect. Normal color film, special color-infrared film, 
and Landsat's Multispectral Scanner (MSS) sensors all respond to different sets of 
reflected wavelengths (Figure 7-4). 

For the color plates in this chapter, we photographed a computer monitor 
screen. In making its display, the computer follows a standard convention for 
color-infrared film and Landsat images: it assigns different TV "color guns" to the 
Landsat bands in order to create a "false color" image that the human eye can 
perceive. For this reason, prints of Landsat scenes (and false-color photographs 
made with color-infrared film) look strange at first. People expect water bodies to 
look bluish, but on these images they look black because water reflects very little 
energy to Landsat sensors. Even more strikingly, large areas covered by vegetation 
(e.g. woods, golf courses, fields of healthy crops) appear red on Landsat images to 
indicate high reflectance of infrared wavelengths by healthy plant leaves. On 
Color Plate 7-1B, western Hennepin county appears red because it is dominated by 
cropland in August. In contrast, the urban areas of eastern Hennepin County near 
the Mississippi River appear blue. The blueness is due to relatively high coverage 
by paved and roofed surfaces that reflect blue and green wavelengths and lessor 
coverage by vegetation that reflects infrared wavelengths. 

Dimensions of individual sensed areas (pixels) 

Each Landsat orbital swath covers an area that is 185 kilometers (about 115 
miles) wide. As the satellite moves southward, a mirror oscillates through a small 
angle, which at an altitude of 705 kilometers allows it to scan all the way across 
the entire 185-kilometer swath. During each oscillation, the mirror produces six 
separate scan lines simultaneously across the width of the swath. Each scan line, 
in turn, consists of more than 3000 individually sensed ground cells, and the 
sensors record a separate reflectance value for each of those cells. The scanner's 
instantaneous field of view (IFOV) is thus a nominal square about 82 meters on a 
side (Figure 7-5). 

The interpreter of a satellite image must always be aware of the size of the 
instantaneous field of view, because each unit of data from the satellite actually 
represents a composite reflectance value from a ground area that is rather large 
(when compared with a building or stream, for example). Landsat uses its four 
sensors to capture the average reflectance, in each of four wavelengths, from 
ground areas that are approximately 82 meters on a side. Later, when Landsat 
data are displayed, each ground area is represented by a single square pixel 
(picture element). Figure 7-6 portrays a series of consecutively sensed ground areas 
represented by square cells. A cell that falls on the lake will have a unique set of 
reflectances. The four bars of the lake graph are proportional to reflectance 
recorded by the four MSS sensors; there is low reflectance in each band (especially 
bands 3 and 4, infrared bands) for the lake pixel. In contrast, the graphs for the 
hayfield and forest cells indicate much higher infrared reflectance, bands 3 and 4. 
(The graphs represent actual measures derived from a June 1986 Landsat image 
that included the Twin Cities metropolitan area.) 
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Orbital path on 
Day 1-++t++++t+l 

Day B --11++-.1+++1 

Day 15--lH+f-,1-1 

Figure 7-3. Landsat-5 moves south 
across Minnesota in a nearly polar 
orbit; neighboring swaths are 
several days apart. After cover
ing the globe with 233 orbital 
swaths in 16 days, the satellite 
repeats a previous orbit. We 
purchased imagery for two cloud
free days (June 2 and August 21), 
so that we could see how land 
cover changed during the summer 
growing season (Adapted from 
EOSAT, 1985). 

Wavelengths of reflected energy (in microns) 

I blue 
1 

green i red I I 
I Recorded by color film I I 

blue I green · .. · ;:;:·red;:;<;:<} 
Recorded by color-infrared film I 

1-blue 12-green :;:: 3-red :f:;:;::;::::;:::;:;:> 4-rcd "::;:;:;::;:::;::;:j 
Recorded by landsat's 4 MSS sensors -~ 

*Colors displayed by each se~~sing system 

Figure 7-4. Landsat's MSS sensors respond to infrared wavelengths that human 
vision and normal color film do not "see" (Adapted from Lillesand and Kiefer, 
1979). 
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MODIFICATION OF REFLECTANCE VALUES 

The reflectance values that we work with are actually modifications of 
what the satellite originally sensed. Landsat-5 MSS uses analog detectors of 
reflected energy, but it transmits digital data to earth. The first modification of 
reflectance values thus occurs on the satellite itself, during analog-to-digital 
conversion. Although analog detectors derive original brightness values from 
individual ground areas that are 82 meters on a side, the conversion reformats the 
original data to a smaller pixel (picture element) that is 57 meters wide. 

In addition, original reflectance values can (and usually do) change during 
radiometric and geometric correction. Radiometric correction is a direct alteration 
of the information about each pixel. The process involves modifying the values 
reported by the satellite sensors in order to compensate for haze (i.e., "air light" 
rather than ground reflectance) and to keep 24 different detectors calibrated to a 
common standard. 

By contrast, geometric correction is a process of shifting the positions of 
pixels in order to compensate for the complex simultaneous motion of the earth, 
the satellite, and the scanning mirror. The earth is rotating eastward at the same 
time that the satellite moves along its flight path. The line of travel thus appears 
to describe a sweeping curve across the earth surface, even though the satellite 
actually moves in a generally north-to-south orbit when viewed from outer space. 
Furthermore, the orbit of the satellite is not perfect; tracking stations on the 
ground provide information that makes it possible to compensate for orbital 
irregularities. As a result of attempts to correct for all of these motions, a set of 
road intersections has a different shape after geometric correction (Figure 7-7). 

To complicate matters further, the scanning mirror that provides data to the 
detectors moves at a variable rate. This internal variation produces yet another 
systematic geometric distortion in the scanner image, which EOSAT eliminates 
before selling the data. Note the irregular placement of circles that represent 
separately sensed ground areas along the mirror's scan sequence (Figure 7-8). 

The process of geometric correction involves creation of a new, geometrically 
correct pixel grid. This correct grid contains no reflectance values initially. First, 
a least squares regression produces an equation to calculate which point in the 
original grid should be paired with a particular pixel in the new, geometrically 
correct grid. Next, the cubic convolution procedure uses 16 neighboring pixel 
values from the uncorrected grid to produce an average value for the new grid 
(Figure 7-9). At the end of geometric correction, there is a new grid filled with 
resampled reflectance values from the original grid (Lillesand and Kiefer, 1979; 
Bernstein and Ferneyhough, 1975). All of these radiometric and geometric 
corrections are done before EOSAT sells computer tapes to users like us. 

RECTIFICATION OF THE SATELLITE IMAGE 

We do not simply use the Landsat image purchased from EOSAT. Instead, 
we must rectify the image by referencing it to a commonly used map coordinate 
system. Landsat images often consist of thousands of pixels (individual, square 
picture elements). For example, one of our Hennepin county images has 140,000 
pixels in 400 columns and 350 rows. The x,y coordinates of an unrectified Landsat 
image describe the column and row location of each pixel. Note, however, that the 
original image coordinates do not correspond to map grids such as Universal 
Transverse Mercator (UTM) or state plane coordinates. 
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Figure 7-5. As the Landsat-5 satellite 
moves southward at an altitude of 705 
kilometers, a scanning mirror sweeps 
across the 185-km orbital swath. Each 
oscillation of the mirror covers six 
scanlines simultaneously. MSS sensors 
record reflectance from more than 3000 
individually sensed ground cells for each 
sean line. I nd i vidual pixels (picture 
elements) are 82 meters on a side 
(Adapted from USGS, 1979). 
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Figure 7-6. Landsat sensors record reflectance from square ground areas (pixels or 
picture clements) that arc 82 meters on a side. In the sequence of pixels above, the 
lake pixel returns low reflectance in all four bands, whereas healthy vegetation 
(hayfield and forest pixels) has high infrared reflectance, bands 3 and 4. 

Land Col'er Data Page 7-13 



Before geometric 
correction 

After geometric 
correction 

Figure 7-7. One source of geometric 
distortion on the original Landsat image 
is the eastward rotation of the earth as 
the satellite moves south. Geometric 
correction is necessary to return the road 
intersections to their true geographic 
positions (Adapted from Bernstein and 
Ferneyhough, 1975). 
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Variable velocity of scanning mirror produces pixel overlap. 

Figure 7-8. Another source of geometric distortion is the variable velocity of the 
scanning mirror. Circles in the diagram represent individually sensed ground areas 
along the scan sequence. EOSAT performs geometric correction before it sells 
Landsat data (From USGS, 1979). 
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Figure 7-9. During 
geometric correction, the 
values of 16 pixels on the 
original input grid are 
averaged to produce a new 
value for the geometrically 
correct output grid. In this 
way, original reflectance 
values have been modified 
even before we receive the 
compu ter-compa ti ble tapes 
(Adapted from Bernstein 
and Ferneyhough, 1975). 



We decided to rectify the original Landsat image to the UTM reference 
system found on 1:24,000 USGS topographic maps. Figure 7-10 illustrates positions 
of the Mississippi River, several lakes, and two highways before and after 
rectification; the features within northern Hennepin County appear to have 
rotated. On the rectified image, Highway 12 runs east-west and Highway 18 north
south, just as they do on a topographic map. Ultimately, an image rectified to 
UTM coordinates allows us to match its pixels with real-world features (e.g., a 
particular neighborhood or cropped field) as long as we have determined their 
UTM coordinates on a topographic map. Clearly, the topographic map provides the 
critical geographic reference that brings together real world and Landsat image. 
Furthermore, the UTM reference system allows us to relate land cover to slope and 
soil data derived from topographic maps and air photos. 

In general, rectification follows these five steps: 

1. On the original, unrectified image, find the image row-column 
coordinates for identifiable features: road intersections, tips of 
islands in lakes, ends of bridges over rivers. 

2. On I :24,000 topographic maps, record the UTM easting-northing 
coordinates for the same intersections, tips of islands, and bridge 
ends. 

3. List approximately 30 such pairs of coordinates (image and UTM), 
preferably scattered all over the map. 

4. Use the pairs to do a least squares regression. Regression analysis 
produces an equation that will predict image coordinates, given 
UTM coordinates. Consequently, though we start with relatively 
few pairs, the equation will allow us to generate thousands of 
pairs. 

5. Use the regression equation to translate an input (image) grid into 
an output (UTM) grid. This process is not as straightforward as 
it sounds, because the data cells on the image and the output 
map are areas, not points, and most of the computed coordinates 
are decimals that fall between whole-number coordinates on the 
row-column image grid (Figure 7-11). 

From the ERDAS software program, we chose a "nearest neighbor" rule to 
select the one input grid pixel that is closest to the computed coordinate. The 
rectify program assigns this nearest neighbor's reflectance values to the output grid 
pixel. Another rule (that we chose not to use) would have averaged reflectance 
values for four pixels nearest the computed image coordinates. 

One should therefore not assume that each pixel on a rectified image has 
received reflectance values from a ground cell with exactly the same UTM 
coordinates. Under either "nearest" rule, the assignment of reflectance values to a 
UTM pixel is only approximately from the right place. Several other problems also 
contribute to misplacement of reflectance values into the UTM grid. During steps 
1 and 2 of the rectification process, misplacement may result because a paper map 
is not dimensionally stable or the digitizer crosshair is put on the edge rather than 
the middle of a road intersection. Finding exactly the same feature on the Landsat 
image is a judgment call, because the edge of a lake or the center of a road 
intersection could be attributed to more than one pixel or to more than one place 
within a pixel. In summary, there arc several ways that reflectance values may be 
mis-assigncd during rectification, perhaps by as much as one whole pixel. 
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Figure 7-10. We rectified the EOSAT image by referencing it to the UTM 
coordinate system found on 1:24,000 topographic maps. Notice that positions of 
features within Hennepin County change after rectification. (The maps were made 
by tracing photos of each image taken from the computer monitor.) 
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Figure 7-11. The rectification process uses two pixel grids. An output grid 
initially has "empty" pixels that have UTM coordinates. The empty pixels will 
receive reflecta nee va I ues from particular input pixels that are close to coordinates 
computed by a regression equation. The use of values from a neighbor pixel is one 
source of "rectification shifts" (i.e., assignment of reflectance values to 
approximately the right place). 
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Figure 7-12 illustrates some data inconsistencies that might be due to 
"rectification shifts" (i.e., assignment of values to approximately the right place on 
the rectified image). When we compare a rectified image to the topographic map 
of two lake areas, water should have lower reflectance values in band 4, and land 
should have higher reflectance values. However, contradictions to this general rule 
appear in the figure. For example, pixels that are predominantly water on the 
topographic map have suspiciously high band 4 values on the image, and pixels 
that arc mainly land have unusually low band 4 reflectance values. 

The problem of "rectification shifts" has an influence that goes far beyond 
the locations of lake shores or other features. When we look for particular image 
pixels to use as training areas (as discussed below), we cannot go by UTM 
coordinates alone. The reflectance values for a particular feature (e.g., a cornfield) 
may be misplaced in any direction from their UTM coordinates on the topographic 
map. In addition, when we summarize the proportions of particular land-cover 
categories within a square kilometer, we have to deal with the possibility that 
reflectance values may have been shifted across the borders of the kilometer. 

The rectification program (described in Step 5 above) called for several 
decisions. We chose to rectify the image to a UTM coordinate system and to use 
the nearest-neighbor rule to match image to UTM pixel. We also had to select a 
size for the pixels on the rectified image. Remember that Landsat senses 
reflectance values for ground areas that are 82 meters across. The conversion 
program then reformats the data to cells 57 meters on a side. To make the output 
map easy to relate to other UTM data, our rectification reformats the data again, 
this time to pixels that are 100 meters on a side. At this size, there will be exactly 
100 pixels in each square kilometer on the rectified image. During field checking, 
we traverse streets and countryside and list the land cover found within each one
one-hundredth of a square kilometer drawn on a topographic map (Figure 7-13). 

Color Plate 7-2A shows pixels for the same area as Figure 7-13, near Lake 
of the Isles and Hennepin Avenue in Minneapolis (see lower right quadrant of 
white cross). The 100-meter pixels facilitate comparison of image, topographic 
map, air photo, and the real world. A standard size of pixels also helps us to relate 
other soils and terrain data to land cover. 

Alternatively, we could have chosen smaller 50-by-50 meter pixels and had a 
finer breakdown within each kilometer (Figure 7-14). Color Plates 7-3A and 7-3B 
show areas near downtown Minneapolis at both pixel sizes. Notice the finer edge 
definition in the 50-meter example. To see if this apparent improvement in 
resolution would have a significant effect on classificatory accuracy, we 
experimented with image rectification and field checking in six urban study areas. 
The average error in estimating the extent of impermeable surface was about 4 
percent with 50-meter pixels; the apparent error for 100-meter pixels was less than 
7 percent (Dunning 1986). Despite this slight advantage for the smaller pixel size, 
we decided to use 100-meter pixels, for three reasons. First, the problem of whole
pixel rectification shifts would be more acute with the smaller pixels. Second, the 
amount of data that must be recorded during field checking and training is much 
greater with 50-meter pixels. Third, the 50-meter version calls for four times more 
computer storage than 100-meter pixels, because it has four times as many pixels in 
the same area. For example, a rectified image of Hennepin county consists of 
144,000 larger pixels (100 by 100 meters) but has 576,000 of the smaller pixels (50 
by 50 meters). Byte storage in computer memory or on tape is proportional to 
number of pixels. The size of the initial file becomes a big problem because the 
classification process generates at least five files for each unrcctified image with 
which it starts (see Figure 7-15). 
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Figure 7-13. A square kilometer 
divided into a 100-meter grid 
appears this way on a standard 
I :24,000 topographic map. This 
example was taken from the 
Minneapolis South sheet and 
focuses on kilometers near 
Hennepin A venue and Lake of the 
Isles (see also Color Plate 7-2). 

50-meter grid 

Figure 7-14. The 50-meter grid has four times as many pixels as the I 00-meter 
version. For this reason, the computer must allocate four times as much storage 
space for images rectified to pixels 50 meters on a side. 

Type of file Filename Bytes of stora~:e 

Unrectified image NHENN886.LAN 

Rectified image ELMAUGlN.LAN 577,536 

Various signature files EA1N-Tl4.DIG 10,179 
EA1N-Tl4.NAM 1,530 
EA1N-Tl4.SST 87,256 

GIS and probability files EAIN-Gl4.GIS 144,896 
EA1N-Pl4.LAN 288,768 

Thresholded GIS files EAH 14-05.GIS 144,896 

The rectified image, ELMAUGlN, essentially covers the northern four-fifths of 
Hennepin County plus the southwestern one-third of Anoka County. 

Classification process generates several files. 

Figure 7-15. Computer storage of large files is a significant problem because the 
classification process generates several files as it proceeds from rectified image to 
classified (GIS) image. 
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SUPERVISED CLASSIFICATION OF LANDSAT IMAGERY 

Once we have a rectified image, we can proceed with classification of land 
cover. Initially, supervised classification requires finding particular image pixels 
whose land cover is known (training areas). These training areas will have unique 
reflectance characteristics (signatures) that the computer will remember. 
Eventually, supervised classification uses a set of signatures as standards for 
classifying all the pixels of an image. It is important to note that the classification 
is called supervised because we will choose training areas that correspond to 
hydrologically important cover categories. We are not doing an unsupervised 
classification, in which the computer performs cluster analysis to group pixels into 
undefined categories that "look alike" statistically. When we ran an unsupervised 
classification of the northern Hennepin county image, the computer put 60 percent 
of the 140,000 pixels into only 3 of the 16 possible categories. Such broad 
categories may have little hydrologic significance. 

Locating training areas 

In order to locate areas of known land cover, we used a combination of 
1984 airphoto interpretation and field checking. For selected square kilometers, we 
drew 1 00-by-1 00 meter squares on topographic maps using UTM coordinates. In 
late summer, 1986 (before we even received the Landsat tapes), we walked or drove 
through nearly a do: :;n urban and rural kilometers and recorded land cover in the 
map squares. We then rectified the Landsat image to the same UTM system of 100-
meter pixels, so we could later locate particular image pixels that corresponded to 
field-checked land covers (subject, of course, to the rectification shifts and other 
problems described above). Finding pixels that corresponded to large, relatively 
homogeneous areas (e.g., tree cover in Wirth Park or densely built cover in 
downtown Minneapolis) was fairly easy. However, it was more difficult to select 
only those pixels that were "purely" gravel pit or cornfield or low-density housing 
when these areas were irregularly shaped, narrow, or small. Here, we had to pay 
attention to image colors as well as UTM coordinates, in order to accommodate 
"rectification shifts" that might have mis-assigned reflectance values by a pixel. 

Altogether, we drove 500 miles in January through March, 1987, to check 
actual land cover for 50 training areas. Four of our training areas on the August 
image were located near downtown Minneapolis: 

(a) tree cover in southern Wirth Park 

(b) high building density in a neighborhood of large, closely spaced 
houses with small yards east of Hennepin A venue 

(c) a combination of high density residential and 
(apartments, stores) near the corner of 
Franklin and Hennepin A venues 

commercial buildings 
two major streets, 

(d) highest density buildings in downtown near Nicollet Mall 

On Color Plate 7-2A, white pixels outline the group of pixels included in each of 
these four training areas near downtown Minneapolis. 

In all but four cases, we located training areas on the August image to 
match the ones on the June image. From the beginning, we looked for training 
areas that would correspond to hydrologically significant land-cover categories (as 
discussed in Chapter 6 of this volume). Table 7-2 summarizes the sets of training 
areas for June and August. 
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Table 7-2 

Hydrologically 
significant 
land cover categories 

Gravel pit 

Developed areas (mixed built, 
paved, vegetated surface) 

Commercial density 
High density buildings 
Medium density buildings 
Low density buildings 
Very low density buildings 

Surface water (lakes) 

Water /land edge 

Wetland (marshes) 

Persistently vegetated surface 
Grass (prairie, golf course) 
Trees 

Temporarily vegetated surfaces 
Cover crops (hay fields) 
Row crops: corn 

soybeans 
potatoes 

Number of 
training areas 

June 2nd image 

3 
2 
2 
5 
2 

6 

5 

2 
4 

4 
7 
2 
I 

Number of 
training areas 

August 21st image 

3 
2 
2 
5 
2 

8 

5 

2 
4 

4 
7 
2 

Our metropolitan area has a complex array of land covers; there are several 
distinctive types of cornfields, lakes, and wetlands. For example, we needed a 
variety of cornfield training areas, because soils and plant growth vary greatly. 
Furthermore, we used several low-building-density training areas, because tree 
growth and spacing of houses differed among suburban developments. During the 
course of the study, we produced classifications using 27, 34, 41, and finally almost 
50 training areas. After each classification, we could identify particular training 
areas that should be added to improve the classification: 

- For example, before we provided a signature close enough to 
reflectance from the southern part of Medicine Lake, some lake 
pixels were misclassified as commercial building density. 

- When we lacked a low building density signature close enough to 
several tree-covered residential blocks in suburban Crystal, those 
pixels were forced into a corn category. 

- A forest at the edge of Hayden Lake was mis-classified as high 
building density before we included that type of forest as one of 
our training areas. 

In each example above, we used the problem pixels as a new training area, and our 
set of training areas grew. Although most of the training areas came from the 
image that focused on northern Hennepin County (Plate 7-IA), several agricultural 
signatures were taken from an area near the Vermillion River in Dakota County 
(Pia te 7-4A.). 

Land Cover Data Page 7-21 



80 

u..J 60 
(_) 

z 
<( 
t
(_) 
LJ..J 
.....J * 40 
z 
~ 
:::2: 

20 

0 I 
Tree Cover 

In 
Wirth Park 

High density 
residential 

H 1gh density 
commercial
residential 

Downtown 
buildings 

Reflectance characteristics of four 
training areas near downtown Minneapolis 

from June 1986 landsat-5 image 

~;~~~~~~ . 
\'$·~~\~~;\:,~. Wtrth Park 
"ll~Y?'\ · '· ,.. 

Downtown 
Minneapolis 

~ii1 '""~" Downtown 

Cedar Lake 

1iR ;r 
DtPl 0' GEOGRAPHY 
UN!\ 0' f'!f'INESOTA 

High density 

Lake "f ti~<· p commercial-
.,'" ····· residential 
~ 

, \ltt High density 
$: I:~@M~~~~ residential 

<!! 
~ _-_-_-_- Lake Street 

I 
1 2 3 4 

Band 

Figure 7-16. Four training areas were located ncar downtown Minneapolis. The 
area of tree cover in Wirth Park is quite different from the downtown training 
area ncar Nicollet Mall. Tree leaves reflect high in bands 3 and 4, the infrared 
bands. In contrast, extensive roofs, pavement, and hard walls of downtown 
buildings have high reflectance in bands 1 and 2. The two high-density training 
areas near Hennepin Avenue have higher infrared reflectance than downtown but 
lower reflectance for bands 1 and 2. (Sec also Color Plate 7-2). 
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Reflectance characteristics of training areas 

Just as people have unique handwritten signatures, our trammg areas have 
characteristic reflectance signatures. The unique "handwriting" of each training 
area is apparent in graphs of reflectance for the four MSS wavelength bands. For 
example, the Wirth Park tree cover training area consists of 16 pixels, and the mean 
reflectances for the four bands are very different than those from the downtown 
training area. The healthy leaves of the tree cover area exhibit high mean 
reflectance for bands 3 and 4, the infrared bands. In contrast, the roofs and paved 
surfaces of downtown have high reflectance in bands 1 and 2, blue and green. 
Infrared reflectance for the two high density training areas near Hennepin Avenue 
falls between that of the downtown area and the tree cover area (Figure 7-16). 

The reflectance characteristics of several August training areas illustrate 
how training areas differ. Figure 7-17 shows mean reflectance in four MSS bands 
for a gravel pit, three commercial, two high, two medium, five low and two very low 
density training areas. In general, infrared reflectance (bands 3 and 4) increases 
steadily as building density decreases, because lower densities have larger yards 
and more vegetative cover. In contrast, the commercial density training areas 
(downtown Minneapolis, Ridgedale Shopping Center, and an industrial park) have 
higher reflectance in bands I and 2 due to extensive roofs and pavement. 

Figure 7-18 illustrates mean reflectance for temporarily vegetated and 
wetland training areas; in August we had seven corn, three hay, and five marsh 
signatures. One would expect differences among hayfields due to different cutting 
schedules, but cornfields also show variation. In addition, there are several kinds 
of marshes; note their wide variation in bands 3 and 4. In general, each sequence 
of signatures (corn, hay, marsh) could be described as a continuum. When we 
compare signatures in Figure 7-17 and Figure 7-18, it appears that the continuum 
of low building density signatures may overlap with part of the continuum of com 
or of marsh signatures. This overlap suggests that the computer may sometimes 
have difficulty "deciding" among these three categories when it tries to classify all 
of the pixels in an image. 

When we used nearly 50 individual signatures to classify the 140,000 pixels 
of the northern Hennepin County image, the computer took more than 7 hours to 
complete the classification. We then experimented with reducing the number of 
signatures by forming composite signatures. For example, among the August 
signatures we summed all seven corn signatures, three of the hay signatures, five 
low building density signatures, three commercial building density signatures, etc. (see 
Table 7-2). Each new composite signature would have a mean reflectance for all 
of the pixels in the original training areas. Classification time using 16 composite 
signatures decreased to less than three hours for the northern Hennepin County 
image. As we will see later, accuracy was not diminished by using the set of 
composite signatures. 

Figure 7-19 and Figure 7-20 show reflectance characteristics of composite 
signatures for June and August. Reflectance in all bands tends to be higher in 
June, when the sun provides Minnesota with more input energy. The most obvious 
difference between June and August signatures involves row crops (i.e., corn and 
soybeans on the right side of each graph). In early June, corn and soybean plants 
are small, and bare soil between the plants reflects relatively high amounts in 
bands I and 2, blue and green wavelengths. In contrast, in late August infrared 
reflectance (bands 3 and 4) is extremely high from mature corn and soybean plants. 
The June-August difference for row crops is evident on the two color plates for 
northern Hennepin County (Plate 7-IA and Plate 7-IB). Rural, western Hennepin 
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August - developed areas signatures 
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Figure 7-17. Fourteen of our nearly 50 training areas for the August image were 
for developed areas (i.e., mixtures of buildings, pavement, vegetation, and 
occasionally wetland). The graphs of mean reflectance are arranged in order of 
decreasing building density. In general, infrared reflectance increases along a 
continuum as building density decreases. 

August - corn, hay, marsh signatures 
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Figure 7-18. Reflectance characteristics of seven cornfield tramwg areas, three 
hayfields, and five marshes in August illustrate the necessity of acquiring several 
examples of each cover category. The real world is complex; cornfields and 
marshes each seem to form a continuum of infrared reflectance. Where continua 
overlap, classification may be problematic. 
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Figure 7-19. We reduced the total number of June signatures by selectively 
summing several individual training areas into a single composite signature (e.g., 

· five low density residential signatures became one and seven cornfields became 
another). Classification accuracy seemed to improve using the 16 composite 
signatures. 
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County has many blue-green patches on the June image, but the western part of 
the August image is predominantly red. 

Other signatures on Figures 7-19 and 7-20 basically parallel each other. For 
both June and August, a sequence of gradually decreasing building density (from 
commercial through very low) is associated with a continuum of consistently 
increasing infrared reflectance. It is important to note that several signatures 
differ dramatically in both June and August (e.g., high density buildings and hay), 
but differences between other signatures are more subtle (e.g., between medium 
building density and prairie in August). 

Maximum likelihood classification 

We needed a variety of training areas of known cover type before ERDAS 
computer software could perform a supervised classification. The training areas 
provided signatures of reflectance characteristics. At first we used nearly 50 
individual signatures, and later we reduced the number to 16 composite signatures. 
During the classification, the computer would put each of the 140,000 pixels in our 
northern Hennepin County August image into one of the 16 categories. Essentially, 
it would compare the reflectance characteristics of an uncategorized pixel to the 
characteristics of a composite signature and decide whether they "looked alike". 
This decision is a complex, statistical determination that considers four dimensions 
of variation, one for each MSS wavelength band. For example, for the 55 pixels 
that comprised August's low building density composite category, the computer 
stored mean reflectance, a standard deviation, and a covariance matrix for each 
MSS band. We used a maximum likelihood classification procedure that assumes a 
normal distribution around the reflectance means. Under this assumption, the 
computer calculates the probability that a particular pixel has been correctly 
assigned to a particular land-cover category. In fact, the computer does an 
enormous number of calculations because it computes the probability of a pixel 
(144,000 of them in our study area) belonging to each of the 16 cover categories. 

Figure 7-21 illustrates the complicated nature of classification. (It reminds 
us of the problems suggested by Figures 7-17 and 7-18 when continua of signatures 
seem to overlap). Figure 7-21 shows equal-probability curves for seven of August's 
16 composite signatures for band 4 vs. band I. Some of the equal-probability 
curves are quite separate (e.g., soybeans vs. low density and water vs. corn). 
However, other ellipses overlap (e.g., corn vs. marsh or high density vs. commercial 
density). Pixels that fall within the overlap of two categories may have low 
probability of belonging to one category and slightly higher probability of 
belonging to another. The actual situation is even more complicated, because the 
computer must consider where a pixel falls within the equal-probability curves for 
ill combinations of the four MSS bands, a four-dimensional situation that we 
cannot physically picture. 

One way to increase the reliability of an image classification is to establish 
a probability threshold. This is like a statement of confidence: the probability of a 
pixel belonging to a particular signature group must exceed some minimum level 
before the computer will classify it in that group. If a particular pixel has only a 
low probability of fitting any of the signatures that have been established, the 
computer simply refuses to assign it to any group. Color Plate 7-2C uses black to 
represent pixels that could not be classified at the 30% (chi-square) threshold of 
certainty in the August image. 
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Figure 7-21A. The plot of an equal-probability curve for two bands of a signature 
results in an ellipse. On the graph of several August signatures, some ellipses arc 
clearly separate (e.g., corn vs. soybeans), but others overlap (e.g., corn vs. marsh). It is 
desirable to have ellipses that are separate for at least one pair of bands. 

Testing classification accuracy 

To test the accuracy of our classification, we used cover data from several 
areas that we had previously field checked. Each area was a square kilometer that 
we subdivided into one hundred squares, each 100 meters on a side. During field 
checking, we listed the actual land cover(s) within each 100-meter square as we 
walked or drove through the area in late summer or early fall of 1986. Our nine 
field check kilometers included urban, suburban, parkland, open, and agricultural 
landscapes. To compare our field checking with the classifications of June and 
August images, we had to tabulate land covers within each square kilometer. 

Table 7-3 first summarizes land cover within an urban square kilometer that 
included Hennepin A venue, Lake Street, and part of Lake of the Isles (see also 
Figure 7-13 and Plate 7-2). Disagreements between field check and classification 
illustrate several problems in land-cover categorization. For the Hennepin Avenue 
kilometer, field check and August classification assign nearly the same number of 
cells to commercial building density. However, the numbers are not as close for high 
building density. Apparently, what the field check often saw as medium density, 
both June and August classifications put into the high density category. In this 
case, the field check may disagree with both classifications because they use 
different definitions of high density. The field check tried to define high density 
by considering number of buildings per square area from a horizontal view, but 
the satellite had an overhead view and selective attention to vegetation (via 
infrared wavelengths) and to pavement or rooftops (via lower wavelengths). 
Variability within our training areas may be another reason for disagreement 
between field check and classification. When I examined each of our residential 
building density training areas on air photos, I found overlapping ranges in the 
number of buildings within a 1 00-by-1 00 meter square: 

High building density - II to 20 structures 
Medium building density - 9 to 14 structures 
Low building density - 3 to 9 structures 
Very low building density -I or 2 structures 

Land Cover Data Page 7-27 

-~-



Table 7-3 

Comparison of field check with two land-cover classifications 
(Number of 100-by-100 meter cells in each composite category) 

FIELD CHECK KILOMETER 1: Near Hennepin Ave. (urban km.) 

COVER CATEGORY 

Commercial building density 
High building density 
Medium building density 
Low building density 
Very low building density 

Gravel pit 
Trees 
Open, grass, prairie 
Cover crop 
Row Crop 

Marsh 
Water /land interface 
Water 

TOTAL 

FIELD 

18 
34 
32 

5 

0 
0 
0 
0 
0 

7 
0 
3 

100 

JUNE 

27 
50 

4 
4 
0 

2 

0 
0 
0 
5 

6 

100 

AUGUST 

22 
47 

8 
1 

0 

4 
0 

10 
0 

0 

1 
6 

100 

FIELD CHECK KILOMETER 8: Bechtold & 97th (rural km.) 

COVER CATEGORY FIELD JUNE AUGUST 

Commercial building density 0 3 0 

High building density 0 4 0 

Medium building density 0 9 

Low building density 10 9 15 

Very low building density 16 10 5 

Gravel pit 0 0 0 

Trees 1 0 4 

Open, grass, prairie 8 4 8 

Cover crop 23 22 24 

Row Crop 33 22 29 

Marsh 4 17 10 

Water/land interface 0 0 4 

Water 0 0 0 

TOTAL 95* 100 100 

*Five 100-by-100 meter areas had unknown cover. 
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The high density and medium density training areas have the most overlap. They 
are not absolutely unique from each other, nor are they completely homogeneous 
internally. However, they are representative of real-world complexity. 

Table 7-3 also summarizes land cover for a square kilometer in rural, 
western Hennepin county. We named the square kilometer for the intersection of 
two roads within it, Bechtold and 97th. The field check and both classifications 
assign nearly the same number of 100-by-1 00 meter squares to the cover crop 
category but disagree on other categories, particularly marsh and very low building 
density. A major problem in comparing field check and classification is their 
different approaches to categorization. For this rural square kilometer, the field 
check notes indicated two or more different kinds of land cover within 43 of the 
100 squares (e.g., very low density plus corn, corn plus road, etc.), and we had to 
resolve what was dominant in order to assign each square to one category. 
Multiple land covers within a particular 100-by-100 meter square is not an isolated 
problem; nearly one third of the field-checked squares in our nine square 
kilometers had more than one land cover. 

Landsat sensors, however, cannot deal with multiple covers; they essentially 
average reflectance of different land covers within a pixel. In the real world, 
reflectance from different combinations of land cover may produce a complex 
variety of averages. For example, a typical suburban combination of a backyard 
swimming pool (with low reflectance) and a shiny aluminum travel trailer might 
produce a composite reflectance that resembles what would come from a gravel 
parking lot of about the same size. 

The table of data for this rural kilometer also illustrates another field 
checking problem. The total number of pixels in the field check column is only 95. 
We could not determine cover for 5 of the 100 squares because we could not walk 
into part of this square kilometer and record the vegetation. 

Although neither field check nor image classification can be considered 
absolute truth, it still is enlightening to see to what extent these imperfect 
viewpoints agree. Table 7-4 indicates that agreement between the field check and 
each classification averaged about 60 percent for the nine square kilometers that 
we examined. Interestingly, agreement between the June and August classifications 
was also about 60 percent. The notion of agreement is best understood by working 
through an example. In Table 7-4, consider the urban square kilometer called near 
Hennepin Avenue; the field check and the June classification agreed on how to 
classify 65 of the 100 pixels. We derived this number by going back to Table 7-3, 
which shows that the field check put 18 pixels into the commercial building density 
category, but the June classification put 27. There was agreement on only 18 
pixels for that category. We noted this minimal agreement for each of the cover 
categories and summed minimal agreement over all 13 categories in June. Out of 
100 pixels in the Hennepin A venue kilometer, field check vs. June agreed on how 
to classify 65. 

When we consider all nine square kilometers in Table 7-4, agreement 
between field check and June or August classification ranges from 47 to 77 
percent. In light of other studies, this level of agreement may be reasonable. 
Several articles acknowledge that Landsat MSS data will not provide 100% 
accuracy in determining land cover. A series of studies in Maryland found that 
agreement on land-cover estimates between visual interpretation of air photos and 
computer classification of Landsat images decreased as size of area decreased 
(Ragan and Jackson 1975; Jackson, Ragan, and Fitch 1977; Ragan and Jackson 
1980). They suggested that Landsat estimates of land cover produced sufficiently 
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Table 7-4 

Overall agreement on land-cover classification 
using composite land-cover categories 

Field v. Field v. 
TEST KILOMETER June August 

1. Ncar Hennepin Ave. - urban 65 64 

2. Golden Valley - suburban 58 47 

3. Fish Lake - suburban 52 54 

4. Wirth Lake - mixed 67 73 

5. Vermillion-gravel - mixed 60 66 

6. V crmillion-trailcrs - mixed 54 66 

7. Vermillion-orchard - rural 77 53 

8. Bechtold-97th - rural 63 72 

9. Larkin Road #l - rural 56 66 

MEAN 61 62 

June v. 

August 

73 

60 

47 

65 

74 

52 

39 

65 

70 

61 

accurate estimates of imperviousness for use in hydrologic models that use large 
areas (larger than one square mile or 2.6 square kilometers). Their studies 
employed only a few land-cover categories (i.e., forest, grass, high impervious, 
residential, street-highway, bare, stream, pond) and suggested that Landsat was 
unable to differentiate residential densities. In contrast, Forster (1983) studied 
Sydney, Australia, and found Landsat data useful in that urban area. In that 
study, the percentage of actual vegetation cover in urban neighborhoods had 0.82 
correlation with Landsat-recorded reflectance at pixel level. 

Another study of an area near Washington, D.C. (Fitzpatrick-Lins 1978) 
recommended doing visual interpretation of Landsat images at 1:250,000 scale 
rather than using more costly high altitude air photos, because the Landsat data 
were 70% accurate (vs. 77% accuracy for the air photos) for seven Level-l land 
cover categories (urban, agriculture, grass, forest, water, wetland, barren land). At 
a much smaller scale (pixels 60 meters on a side), a study of Denver's urban fringe 
found computer classification of Landsat spectral data to be 77% accurate when it 
had to put pixels into two categories: original rangeland vs. land undergoing 
residential development (Jensen and Toll 1982). 

Judging from the sampling of studies above, there are many variables 
involved in evaluating Landsat's accuracy. Evaluation has been done at different 
map scales for visual interpretation and different pixel sizes for computer 
classification. Depending on the purpose of the study, researchers assess accuracy 
for different numbers and kinds of land-cover categories. Certainly, results come 
from widely different geographic environments. 
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Our study recognizes several problems that will require further research. 
For example, we know that rectification is necessary to relate land cover to a 
common UTM base, but rectification assigns pixel values to only approximately the 
right place. Therefore, we have tried to separate the problem of rectification 
accuracy from the problem of classification accuracy by summarizing land cover 
for a square kilometer. Because rectification of individual pixels is sometimes 
problematic, we aggregated classified pixels to square kilometers and recorded 
percentage of the kilometer in each category in the Twin Cities demonstration 
study (see Anderson et a!. 1987). 

In addition, we have seen that Landsat seems to find continua of different 
building densities and different vegetative covers. Breaking the continua into 
discrete nominal classes is often an arbitrary process. Our particular set of 
composite signatures have better accuracy in some test kilometers than others. In 
the future, we can try to reduce overlap between category ellipses by using other 
composite signatures (see Figure 7-21). However, composite signatures still consist 
of individual pixels, and the heterogeneous nature of 100-meter pixels remains a 
problem. Landsat averages reflectance from a variety of materials within a cell. 
Furthermore, Landsat sensors may integrate responses of neighboring (and perhaps 
dissimilar) pixels (Forster 1983). Juxtaposition of dissimilar covers may contribute 
to the low accuracies evident in two of our test kilometers (see Table 7-4: Golden 
Valley and Fish Lake). 

Some types of inaccuracy are worse than others. For data that will be used 
in a hydrologic model, classification confusion between medium and low building 
density for a particular pixel is a slight problem. However, a confusion beween low 
building density and marsh or between corn and marsh is much worse. Therefore, 
our current land cover classification would be aided by having other information 
(slope, soil, bulding permit, wetland designation) in the geographic information 
system (GIS) to serve as a cross-check. 

CONCLUSION 

Overall, we think Landsat is a useful tool for deriving land-cover 
information for a water resources GIS. In our study, the Landsat data provided 
up-to-date information from two dates (early June and late August) in summer of 
1986, so we could look for changes in land cover over the growing season. We 
rectified both images to UTM coordinates in order to relate land cover to other soil 
and slope data. However, the processes of geometric correction (before we receive 
the data) and rectification are not perfectly accurate; a given reflectance value 
might be misplaced by as much as 100 meters. For supervised classification, we 
located nearly 50 areas of known land cover (training areas) that correspond to 
hydrologically significant categories. Our training areas revealed several continua 
of differing building densities and vegetative covers. We reduced the number of 
signatures by forming 16 composite signatures, each representing an important 
land-cover category. Using a maximum likelihood classification, we were able to 
achieve reasonable accuracy in discriminating important land cover categories that 
were lacking in standard land use classifications. Although there were sometimes 
confusions between land cover categories, we now better understand both problems 
and opportunities in using Landsat to classify land cover in our metropolitan area. 
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Plate 7-1. Color photographs of June (A) and August (B) 
rectified Landsat lmaaes of northern Hennepin County show 
how the two time periods appear on a computer monitor. On 
both images, lakes and rivers are black because water has low 
reflectance in all four MSS bands. Downtown Minneapolis is 
near the lower right corner of each image, near the Mississippi 
River. The blues and greens typical of urban building 
densities extend west toward Medicine Lake and north toward 
Brooklyn Park and Anoka. In the June image, bare soil of 
agricultural fields has bluish hues, but on the August image 
cropland appears red in western Hennepin County. 

We used nearly 50 training areas (i.e., areas whose land cover 
was known) in order to classify the June and August images 
into hydrologically significant land cover categories. Color 
photographs of the two classifications (C-June, D-August) 
illustrate the general arrangement of land covers. The 
classification colors have the following meanings: 

Blues and aqua - water and wetlands 

Gray - commercial (highest building densities) 

Pink - high building densities 

Red - medium building densities 

Orange - low building densities 

Yellow - very low building densities 

Various greens - trees, grass, hayfields 

Dark brown - corn and soybean rowcrops 

The two classifications were done separately and do not 
always agree. 
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Plate 7-2. A color photograph of the August rectified 
Landsat imaae (A) focuses on an area near downtown 
Minneapolis. When we •zoom in• on a small portion of an 
image, we are able to see square pixels that represent ground 
areas 100 meters on side. The Mississippi River, Cedar Lake, 
and Lake of the Isles have black pixels because water has low 
reflectance in all four MSS bands. Areas of trees and grass 
(e.g., Wirth Park} have many red pixels because healthy 
vegetation has high infrared reflectance. Blue pixels occur 
where buildings and pavement dominate (e.g., downtown), 
whereas green represents built-up areas with more grass and 
trees. The white boxes outline areas whose land covers we 
field checked. These examples were four out of a total of 
nearly 50 training areas that we used to classify August 
images of parts of Hennepin and Dakota Counties . 
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Three photographs of the computer monitor show different 
classifications: (B) June classification (D) August 
classification, and (C) a threshold version of August. The 
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and the basic classification pattern approximates the real
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built commercial strips along Hennepin Avenue and Lake 
Street have gray pixels on both classifications. Wirth Park has 
mainly tree and hay cover pixels in June but more variety of 
vegetation (and mixed vegetation) pixels in August. However, 
several interesting problems are evident. In June, dark brown 
pixels are scattered near the gray pixels of downtown. 
Apparently, reflectance averaged over a football-field-sized 
area of bare soil and young corn plants is similar to 
reflectance from the streets, buildings, and vegetation of some 
urban pixels in June. In August, several pixels near 
downtown are classified as gravel pits (light sand color); some 
urban surfaces seem to reflect like gravel surfaces. 
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SUMMARY: Soil water systems analysis and modeling 
Nieber and Lopez Bakovic, WRRC, University of Minnesota 

Issues 

As a basis for predicting infiltration, evapotranspiration, deep percolation, 
and groundwater recharge at a particular place, a resource manager must have 
good information about the water status of the soils there. To translate existing 
data into computer-usable form, and to gather future information in an efficient 
manner, the designers of a water-resources geographic information system must 
deal with three fundamental issues: 

I) The temporal and spatial variability of soil moisture. The amount 
of moisture in the soil at a point can change dramatically from 
day to day, and even more so from season to season or year to 
year. Moreover,· soil moisture varies spatially between points, 
even over very short distances, which makes it risky to try to 
extrapolate from existing measurements. Our recommendations 
must include ways of dealing with the intrinsic variability of 
soil moisture. 

2) Processes of water movement in soils. Principles of soil physics can 
help explain the quantity and rate of vertical and lateral flow of 
water in soils. To simulate flows of moisture, it is necessary to 
incorporate these physical principles, or simplifications of these 
principles, into mathematical models of the flow processes. Our 
recommendations must accommodate the data requirements of 
soil moisture simulations. 

3) Principles of interpolation between measurement points. To 

ings 

analyze the spatial distribution of soil water, one can make 
measurements of soil water status at numerous discrete points, or 
one can use an interpolation model to predict soil water status 
for the areas between measurement points. Interpolation requires 
knowledge of the spatial distributions of soil water properties 
(field capacity, wilting point, hydraulic conductivity, etc.). Our 
recommendations must take into account the feedback loops that 
exist between field measurements and computer simulation in 
soil moisture modeling. 

Our efforts concentrated on analyzing soil water spatial variability, 
veloping a Soil Water Balance Model (SWBM), and examining the effects of scale. 

e is important in the process of selecting data appropriate to run hydrologic 
els and in extending soil water analyses from points to areas. 

A Soil Water Balance Model (SWBM) was developed for one
dimensional analysis of hydrologic processes. The model uses 
simplified mathematical equations of the vertical flow of water 
in the soil profile, and the output from the model is sensitive to 
inputs such as soil properties and weather data. The model can 
characterize the temporal variability of soil water status at 
discrete points. 
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Geostatistical methods can characterize the spatial variability of soil 
water. These methods help us analyze the spatial structure of 
point measurements and predictions (such as those by SWBM) of 
soil water status. Geostatistical tools require some theoretical 
understanding, but the results are somewhat easier to visualize 
than some of the traditional statistical methods. 

Modeling soil water systems is a complex task. The objectives and 
scale of analysis determine not only the hydrologic models and 
other tools that may be used, but also the type of variability 
involved and the nature of the output. The scale dependence of 
analytical methods and data-gathering strategies should warn 
against using large-scale analyses to make inferences about small
scale problems, or vice versa. 

Recommendations 

On the basis of these findings and the results of other investigations, we 
make the following recommendations concerning the file structure for soils data in 
a water-resources geographic information system: 

1) Use known relationships and physical principles to augment field 
measurements of soil moisture. A single point measurement (or 
prediction) is not sufficient for characterizing the soil water 
status of an area, because of the potential spatial variations of 
soil moisture. Point measurements (or predictions) should be 
supplemented by studies to quantify the spatial distribution of 
soil moisture. The tools of geostatistical methods (e.g. semi
variogram analysis) can quantify the variability of soil water 
status in an area and identify those factors which most influence 
its distribution. In addition, Kriging can be used as a means of 
interpolating between measurement points and selecting sites for 
additional field studies. 

2) Clearly differentiate between primary and derived data in a water
resources GIS. A point measurement has validity only at the 
place and time it was obtained. An interpolation between point 
measurements is one step farther removed from the real world, 
and should be clearly identified as such in subsequent analyses. 
Despite that caveat, interpolated data are essential for most 
hydrologic simulations, because the cost of gathering field 
measurements at the density needed for effective modeling is too 
great for most practical purposes. 
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CHAPTER 8 

SOIL WATER SYSTEMS ANALYSIS AND MODELING 

John L. Nieber 
Ivo L. Lopez Bakovic 

INTRODUCTION TO SOIL WATER 

The behavior of water droplets that strike the surface is a fundamental 
process that governs many flows in the hydrologic cycle. The capacity of the soil 
to take in water governs what can be used by plants, potential groundwater 
recharge, and the volume of water that runs off in surface systems and carries soil 
materials away from the point of raindrop impact. These are very large scale 
processes that require very detailed data to understand how they work. This 
understanding is fundamental to a full understanding of the workings of the 
hydrologic cycle at a given place and therefore to the analysis of larger areas such 
as small watersheds and large drainage basins. 

The questions asked by governments and resource agencies are often at the 
regional level, requiring a smaller scale of analysis (putting a large area on a small 
map). Their approach requires a scaling up from a small-area process to a large 
area of analysis. It is here that geographic information systems (GIS) may be 
brought into play. Before this is done it is essential to understand how water 
behaves in soils at a point and then how that behavior varies in space. Both of 
these must be understood to avoid using improper assumptions and generalizations 
about how these processes work for large areas. 

We shall begin this chapter with an introduction to the role of soil water in 
the hydrologic cycle, then present methods of analyzing soil water at a point. We will next turn to the ways of quantifying and modeling the spatial variability of 
soil water and close by looking at the data requirements, and problems involved in 
changing the analysis from a point perspective to regions. 
' 

Soil is composed of three components: solids, air, and water. The soil solids 
lude soil minerals, precipitated chemicals, and organic matter (alive and dead). 

soil water contains dissolved chemical constituents in equilibrium with the 
...... 11 ....... 1 constituents of the solid phase of the soil system. 

The soil system is dynamic and the composition of system component is 
tinually changing. One might perceive the solid phase of the soil system to be 
ic in character, however it is continually changing as the organic matter 

osition increases or decreases and as changes in the structure, or dry bulk 
ty, of the soil system changes. Changes in dry bulk density usually occur 

ly. Conversely, the air and water phases of the soil system, which fill the void 
produced by the structural arrangement of the soil solids, are very dynamic. 

n the soil void space is completely filled with water the soil is said to be 
ted. A saturated condition in soils will exist for long periods of time only in 

y-drained soils. The usual conditions in well-drained soils is for the soil voids 
be composed of time varying fractions of air and water, in which case the soil is 

turated. 
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The hydrologic processes that influence the water fraction of the soil voids 
include rainfall, snowmelt, infiltration, soil freezing/thawing, evapotranspiration, 
deep percolation, and lateral soil water flow. The importance of each of these 
processes at a given location depends on the prevalent conditions of climate, 
topography, soil type, type and growth stage of vegetation, and land-use practice. 

Soil water in the hydrologic cycle 

The water content of the soil profile has a large influence on the hydrologic 
processes occurring at any instant. Processes that are influenced by soil water 
content include infiltration, runoff, evapotranspiration, deep percolation, and 
lateral soil water flow. All imply direction and volume of soil water flow. 
Knowing this influence on hydrologic processes allows us to infer the influence of 
soil water content on important environmental variables such as streamflow, lake 
levels, plant distribution and growth, and soil erosion. In addition, the water 
content of the soil influences the biological and chemical processes in the soil. 

All processes of the hydrologic cycle are multilaterally interdependent. For 
the land phase of the hydrologic cycle, the link facilitating the interdependence of 
several important hydrologic processes is the water content of the soil. To 
illustrate this interdependence consider the processes of infiltration and 
evapotranspiration. These two hydrologic processes are linked by the water stored 
in the soil profile. If for a given rainfall event the initial soil water is low, then 
the infiltration amount will be relatively high and the soil water storage will be 
increased substantially. As a result the evapotranspiration following the rainfall 
event will be increased due to the increase in soil water available for 
evapotranspiration. This increase in evapotranspiration will necessarily reduce the 
stored soil water and will provide favorable conditions for increased infiltration 
during the next rainfall event. 

In the section that follows we shall examine hydrologic modeling in one
dimension and introduce the soil water balance approach. We will present example 
applications to demonstrate the usefulness of this type of simple modeling. We 
then explore two- and three-dimensional modeling to highlight the sources of 
variability in soil water. This is in an attempt to better quantify the actual, 
heterogeneous processes that result from the spatially heterogeneous distribution of 
properties inherent in real soil systems. In addition to describing methods for 
quantifying spatially variable soil water conditions, a model of soil water spatial 
variability will be presented with an example application. 

MODELING OF SOIL WATER AT A POINT 

Modeling of soil water at a point, ie. one-dimensional soil water modeling, 
can be a powerful tool in understanding and describing hydrologic phenomena. It 
is very simple and straight forward, and quite accurate (eg. modeling monthly 
average conditions). Hence, depending on the scale and the objective, point 
modeling may be the best alternative. 

Soil water balance at a point 

The balance of soil water in the soil profile at a point is illustrated in 
Figure 8-l. In simple terms, the water balance in the soil system can be quantified 
by calculating the inflows and outflows to the profile. The inflows to the system 
include infiltration and upward flux of water into the soil profile, and the 
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outflows from the system include evapotranspiration, deep percolation, and lateral 
soil water flow. The difference between the inflows and the outflows equals the 
change of storage of soil water in the profile. The water balance processes shown 
in Figure 8-1 can be expressed by the following equation. 

d (S) I+ U -ET-DP-LF 

where S is the amount of soil water 
stored in the soil profile, I is the 
infiltration amount, U is the upward 
flow of water from the subsoil into the 
soil profile, ET is the evapotranspiration, 
DP is the deep percolation, and LF is the 
lateral soil water flow. The term d( ) 
means the change of the quantity in the 
parentheses. so that d(S) means the 
change in soil water content. Common 
units for expressing the quantities in 
equation (1) are inches, em, or mm of 
water. 

(1) 

I 

LF 

u 
Figure 8-1. 

The processes of upward flux (U) and deep percolation (DP) will not occur 
simultaneously because these two processes move in opposite directions. Generally 
the upward flux process occurs when the soil profile is being dried by the 
evapotranspiration process, and the deep percolation process when there is an 
excess of water in the soil profile allowing gravitational forces to move the excess 
water downward. 

The amount of water that infiltrates into the soil profile depends partly on 
'how much water actually reaches the soil surface. Two sources are involved, 
precipitation and water that runs on to the site from adjacent areas. The the type 

cover present over the soil surface modifies the amount that reaches the soil 
Various types of cover include live vegetation and plant residues (see P. 

mehl et al., Chapter 6 in this volume). The infiltration amount is also greatly 
ced by the soil surface characteristics. These conditions include surface 

roughness that creates depressional storage sites and the permeability of the soil 

tifying the soil water balance 

The balance of soil water at a point described above be quantified by 
ious methods. These methods can be grouped into two approaches, the 

nt approach and the calculation approach. 

The measurement approach to quantifying the soil water balance requires 
direct or indirect measurement of nearly all components of the soil water 
. Usually there is one component that is difficult to measure and generally 

is quantified by solving Equation 1 for the unknown component. The limitation 
the measurement approach is that it is costly and results from one location 

ot be directly extrapolated to another location. 

The calculation approach is much more flexible than the measurement 
ch because all components of the water balance are calculated for the 
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conditions prevalent at a given location. The required inputs to the calculation 
approach include weather variables (precipitation, solar radiation, wind speed, air 
temperature, etc.) and soil water properties. The calculation approach is fully 
capable of being applied to any location if the required inputs are available. 

There are numerous ways to implement the calculation approach, and these 
differ primarily in the level of sophistication used to represent the individual 
components in Equation 1. Generally the approach employs computers because it 
usually requires large numbers of calculations. Two formulations of the 
calculation approach are described below. The first formulation is rather 
sophisticated and the second is somewhat simpler. 

Richards equation. The equation of conservation of water in the soil 
profile can be expressed for the three-dimensional case as 

ae at = V· (KVH) 

H = h + z = hydraulic head of the soil water (em), 

h = pressure head of the soil water (em), 

z = elevation of the soil water (em), 

tt = tt(h) = the volumetric soil water content (cm3 I cm3), 

K = K(tt) = hydraulic conductivity (em I hour), 

Q(x,y,z,t) = source/sink of water (cm3 I hour), 

x, y, z = Cartesian coordinate directions of (em), and 

t = time (hour). 

(2) 

This equation is named after the soil physicist L. A. Richards who first proposed it 
in 1931 (Richards, 1931 ). The parameters, tt(h) and K(tt), are determined by the 
characteristics of the soil water system. The typical forms of the functions implied 
in tt(h) and K(tt) are illustrated in Figure 8-2. 

h tt 

Figure 8-2. 

The term Q allows for water extraction from the root zone by plant roots and 
additions of water by subsurface irrigation. 
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In the one-dimensional case Equation 2 becomes: 

ae a (K ah) aK 
dt = dZ dZ + dZ 

The soil system for the one
dimensional case is illustrated in Figure 
8-3. To solve Equation 3 for a specific 
physical situation such as that shown in 

· figure 8-3 it is necessary to impose 
boundary conditions and initial 
conditions. The boundary conditions 

lly applicable to field conditions 
the one-dimensional problem are 
below. 

a. rainfall infiltration/soil evaporation 

K ( ~: + 1 ) = I and K ( ~: + 1 ) = -ET 

b. ponded infiltration 

h=O at z=D 
c. deep percolation 

K(~: + 1 )=u and K(~: + 1 )=DP 

(3) 

D 

u 

Figure 8-3. 

at z = D (4a) 

(4b) 

at z=O (4c) 

The initial conditions required to solve Equation 3 are usually expressed as 

H ( z,t) = Ho (z) (4d) 
H

0
(z) is the distribution of H in the z direction at t=O. 

Tl!le variable Q(z,t) also needs to be defined based on a root-water 
on function and/or a specified subsurface irrigation function. Generally a 

extraction function will include factors such as moisture content, root 
ty, plant growth stage, and atmospheric evaporative potential in the 
lation of root water uptake. 

To solve Equation 3 subject to Equations 4a - d, either analytical
tical or numerical methods can be used. Generally it is too difficult to 

an appropriate analytical function to use analytical solution methods, so 
I methods of solution are usually employed. The two numerical methods 
y employed are the finite difference method and the finite element 

The solution of Equation 3, subject to Equations 4, yields the information 
y to calculate the infiltration (I), deep percolation (DP), upward flow (U), 

'evapotranspiration (ET). It is not possible to solve for the lateral flow (LF) 
t from the solution of Equation 3 because of its one-dimensional 

To calculate the later flow component it is necessary to solve at least 
u-'"'""'"' .. sional form of Equation 2. Equation 3 is applicable to any location 
the parameters tt(h) and KK(tt), and the input weather variables are known. 

SWRRB equations. Rather than use the more complete (and sophisticated) 
lation of the Richards equation it is possible to obtain good results with 
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In the one-dimensional case Equation 2 becomes: 

ae a (K ah) aK 
dt = dz dz + dz 

The soil system for the one
dimensional case is illustrated in Figure 
8-3. To solve Equation 3 for a specific 
physical situation such as that shown in 
Figure 8-3 it is necessary to impose 
boundary conditions and initial 
conditions. The boundary conditions 
typically applicable to field conditions 
for the one-dimensional problem are 
listed below. 

a. rainfall infiltration/soil evaporation 

K ( ~: + 1 ) = I and K ( ~: + 1 ) = -ET 

b. ponded infiltration 

h=O 
c. deep percolation 

K (~: + 1 )=u 

at z=D 

(3) 

D 

0 

Figure 8-3. 

at z = D (4a) 

(4b) 

at z = 0 (4c) 

The initial conditions required to solve Equation 3 are usually expressed as 

H ( z,t ) = Ho (z) (4d) 
H0 (z) is the distribution of H in the z direction at t=O. 

Tke variable Q(z,t) also needs to be defined based on a root-water 
tion function and/or a specified subsurface irrigation function. Generally a 

- ... , .... , .. ter extraction function will include factors such as moisture content, root 
ty, plant growth stage, and atmospheric evaporative potential in the 
lation of root water uptake. 

To solve Equation 3 subject to Equations 4a - d, either analytical
hematical or numerical methods can be used. Generally it is too difficult to 

an appropriate analytical function to use analytical solution methods, so 
methods of solution are usually employed. The two numerical methods 

,.. ... .,nnnly employed are the finite difference method and the finite element 

The solution of Equation 3, subject to Equations 4, yields the information 
to calculate the infiltration (1), deep percolation (DP), upward flow (U), 

evapotranspiration (ET). It is not possible to solve for the lateral flow (LF) 
WJ11UIIacnt from the solution of Equation 3 because of its one-dimensional 

cter. To calculate the later flow component it is necessary to solve at least 
two-dimensional form of Equation 2. Equation 3 is applicable to any location 

the parameters tt(h) and KK(tt). and the input weather variables are known. 

SWRRB equations. Rather than use the more complete (and sophisticated) 
ation of the Richards equation it is possible to obtain good results with 
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simpler formulations such as that employed in the Simulator of Water Resources 
for Rural Basins model (SWRRB). The SWRRB model was developed by the 
USDA-ARS and is reported in Williams et al. (1985). It performs the water balance 
calculations of Equation l on a soil layer basis. Generally each layer considered 
corresponds to a horizon layer in the soil profile. All of the components included 
in Equation l are incorporated in SWRRB. We present a brief description of the 
equations used for performing these calculations below. 

Infiltration is calculated using the SCS runoff curve number method (SCS, 
1972). The equation for this method is: 

Q = (R- 0.2 S)
2 

(R + 0.8 S) (5a) 

s = 25400 - 254 
CN (5b) 

where Q is the runoff amount (mm), R is the rainfall amount (mm), S is the 
maximum potential difference between rainfall and runoff (mm), and CN is the 
Soil Conservation Service (SCS) curve number. 

The curve number values range from 0 to 100. The appropriate value to use 
depends on the soil type (infiltration and drainage characteristics), surface cover 
condition, soil surface condition, and initial moisture condition (for a more 
detailed treatment of the SCS curve number approach see P. Gersmehl et al., 
Chapter 6 in this volume). While the Soil Conservation Service (1967) recognizes 
three initial moisture conditions, in SWRRB the initial moisture condition was 
generalized to allow for any initial moisture condition. In addition, the SWRRB 
formulation incorporates the aspect of soil layers and moisture content of the 
layers in the calculation of the value of the curve number. 

Deep percolation, the downward flow of moisture in the soil profile between 
layers, is based on the physical principle that when the moisture content of a given 
layer exceeds the field capacity of that layer, the excess amount will percolate to 
the underlying layer. The SWRRB routes the excess water in any layer from that 
layer to the next layer in a fashion such that the entire excess does not occur 
instantaneously. The flow of soil water from layer i to layer (i+l) is calculated by 
Equation 6: 

(6) 

where qi is the flow from layer i to layer (i+l), SWi and FC· are the soil 
water content and field capacity of layer i, dt is the time step, and fi is the time 
of travel through layer i. The travel time value is dependent on the hydraulic 
conductivity of the layer. 

Evapotranspiration, (ET) is determined in SWRRB with the estimation 
method of Richardson and Ritchie (1973) to calculate the evaporative loss of soil 
water from the soil surface and transpirative loss of soil water from within the 
soil profile. Their approach considers two stages of evaporation. Stage I is soil 
evaporation at the potential rate as shown in Equation 7: 

Esl = Eo exp ( --0.4 LAI ) (7) 
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where Eo is the potential rate of evaporation and LAI is the leaf-area-index. Stage 
II evaporation occurs at a time-dependent rate expressed bv the Eauation 8: 

Esn = f [ t0"
5

- ( t- 1 )0·
5

] (8) 

where Esn is the evaporation in Stage II drying and t is the time since Stage II 
drying began, and f is a soil dependent parameter. 

For plant transpiration (extraction of water by roots) the calculation of 
water extraction incorporates the factors of root density, plant growth stage (leaf 
area index), and soil water content. Root water extraction from the soil profile is 
assumed to decrease exponentially with depth according to the Equation 9: 

u = u0 exp (-4.16 D) (9) 

where u is the root water extraction rate at depth d, and u
0 

is the root water 
extraction rate at the soil surface. The value of u

0 
can be determined from the 

fact that the total root water extraction over the depth of the root zone RD, is the 
integral of Equation 9 over the depth and u

0 
is then determined by Equation 10: 

uo = 1- exp (-4.16 RD) 
4.16 ETP 

(10) 

Upward flow of water in SWRRB is calculated by letting the magnitude of 
the upward flow between two adjacent soil layers be proportional to the difference 
between their respective soil water contents. The constant of proportionality for 
the upward flow is a soil water transfer coefficient which is soil dependent. The 
upward flow is calculated by Equation 11: 

u = cu ( swi+t - swi > (11) 

where CU is the soil water transfer coefficient. 

Lateral flow is calculated in SWRRB with an equation similar to the flow 
routing equations used in routing soil water between soil layers. The magnitude of 
lateral flow is proportional to the difference between soil water content and field 
capacity of the layer. The equation for the lateral flow component for layer i is 
given in Equation 12: 

LFi = ( SWi- FCi) [ 1 - exp (-~ ) J (12) 

where TLii is the time of travel for water flowing through layer i. 

Example applications 

SWRRB is a rather comprehensive model in that it simulates the soil water 
balance over a whole watershed in addition to performing hydrograph routing and 
soil erosion calculations. Rather than use this comprehensive model we decided to 
use just the point soil water balance portion of the model. To accomplish this the 
equations for the soil water balance used in SWRRB were coded into a computer 
program. The SWRRB equations for the daily soil water balance and effective 
precipitation were in the Soil Water Balance Model (SWBM), developed during this 
project, to perform the soil water balance calculations presented in this report. 
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Weather generator (WGEN). The weather generator WGEN is used to 
develop a synthetic set of variables for analysis of water budget models and 
examine their sensitivities for a particular study area. It can generate daily values 
of weather variables, including rainfall, maximum air temperature, minimum air 
temperature, and solar radiation, all of which, along with input rainfall amount, 
are needed to determine potential evapotranspiration in water balance models. 
These values are determined for each day by generating a set of autocorrelated 
and cross-correlated random variables. 

As a demonstration of the use of the model one year of daily weather data 
was genera ted for the Minneapolis area. Plots of the generated data are presented 
in Figure 8-4. One of the plots is for rainfall amount, a second is for solar 
radiation, and the third is for maximum/minimum air temperature. 

Daily soil water balance. For many hydrologic analyses, water resources 
planning, and engineering design purposes it is necessary to work with a daily soil 
water balance. This balance generally consists of the components included in 
equation (1). An example of a daily soil water balance is illustrated in Figure 8-5. 
The data for the plots were generated by the SWRRB-based Soil Water Balance 
Model (SWBM). The input weather data were generated with WGEN for the 
Minneapolis location. 

The daily rainfall and its corresponding daily generated runoff for 
Minneapolis are shown in Figures 8-Sa and b respectively. The calculated daily 
evapotranspiration plot is shown in Figure 8-Sc. The simulated daily values of soil 
water in three soil layers and the total profile soil water are illustrated in Figure 
8-Sd. For this demonstration we used soil layers of 100 mm, 400 mm and 900 mm 
thickness for layers one, two and three respectively. 

In this demonstration the runoff generated by the daily rainfall does 
respond to the soil water conditions in soil layer one and soil layer two. That is, 
for equal rainfall amounts a greater amount of runoff occurs as the soil water 
content in the two layers increases. 

Effective precipitation. In the design and operation of irrigation systems it 
is important to account for the contribution provided by natural rainfall in 
meeting the consumptive use requirements of crops. Effective precipitation is here 
defined as the precipitation that meets these requirements. It can be estimated 
from a water balance with the formula EP = 1-DP where EP is the effective 
precipitation during a set period of time is usually one month but EP can also be 
defined for shorter or longer time periods. 

We used SWBM to perform daily soil water balances for a cropped field 
during the growing season. The output from the daily soil water balance was used 
to determine the portion of natural rainfall effective in meeting the consumptive 
use requirements of the crop for each month of the growing season. The results of 
the effective precipitation calculation for a simulation period of one year are 
illustrated in Figure 8-6. The results demonstrate that the effective precipitation 
reaches a maximum during the peak of the growing season. There are two reasons 
for this result. First, during the peak ET period the soil will normally be drier 
when rainfall occurs. The drier condition will tend to increase the infiltration 
capacity of the soil, and as a result less runoff will occur. The second reason is 
that with a high demand, more of the water stored in the soil profile will be 
extracted before it has the opportunity to percolate or get carried over to later 
periods. 
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QUANTIFYING AND MODELING SPATIAL VARIABILITY OF SOIL WATER 

Sources of variability 

Soil water content is spatially and temporally variable in nature. The 
discussion in the previous section on the methods for modeling soil water at a 
point dealt with the temporal variability of soil water. In this section we focus on 
the spatial variability of soil water. The methods of analysis presented in the 
following are also applicable to the modeling of the temporal variability of soil 
water. 

Many factors affect soil water spatial variability. Among these are climatic 
conditions, where rainfall patterns come into play; topographic factors, where slope 
and elevation have an effect; soil properties, where soil texture and structure 
influence infiltration properties; soil cover, where vegetation or other materials 
covering the soil become a factor; and others such as underlying bedrock or 
unconsolidated material, where water table elevations may determine the soil water 
status. 

Combination of these factors 
yields a very complex water system. As a 
result soil water amounts are not 
distributed uniformly in the field and 

160 

140 

vary significantly among points, areas, 120 e and regions. The interactions of these 
factors, some fixed for a given area, give !. 100 

:I: 
dominance to different processes, which li: so 
determine the direction of water flow ~ 60 

and can explain the amounts of water 
present at different points. Each factor 
is often so variable and erratic in nature 
that the characterization and 
measurement of some is not 

40 

20 
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CORN, NO IRRIGATION, CN•85 economically feasible. Hence, joining 

rii1I1J Rain m Effec.Rain 12::ZJ ET these factors to quantify and predict soil 
water variability is difficult. Figure 8-6. 

We shall expand on these factors and their effect on the variability of soi 
water. It is not our goal to maintain an absolute account of everything involved 
but rather to understand the direction and interactions of soil water processes. 

Climatic conditions. Rainfall (amounts and intensities), ambien 
temperatures and barometric pressures are some of the components directly o 

•· indirectly affecting the soil water system. They play a controlling role i1 
.~stablishing the vegetation that develops, and in modifying the landscape tha 
· ts. Assuming an existing vegetation, rainfall then becomes an extremel: 
• .... nnrt!>nt factor. Precipitation, can vary significantly over a short distance; it i 

uniform, and the amounts and intensities delivered over an area depends o: 
type of storm (See Swerman and Baker, Chapter 3 in this volume). 

Rainfall is often the major source of water for the soil system. Once i 
ts the soil surface, or the vegetation overlying the soil surface, variou 

gic processes determine the amount of the rainfall that will enter the soil t 
soil water. 
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Topographic factors. Topography influences the character of both surface 
and subsurface hydrologic processes prevalent at a given location and exerts a 
control over the flow of water in the soil system. Thus topography, through the 
hydrologic processes, contributes to the variability of the soil water system. It can 
be quantified by several measures that include soil surface elevation, slope, 
curvature and contributing area. These measures will work for a variety of scales: 
a field plot, a catchment, a river basin, or finally for the whole globe. The 
complexities of these numerical descriptions will increase as area increases, hence 
it will limit the detail attainable for large areas. The measures of topography may 
be obtained from a contour map. With the development of good contour maps 
modeling efforts can be greatly enhanced (for a detailed discussion of topographic 
data see Corbett and Gersmehl, Chapter 11 in this volume). 

Soil surface elevation is relatively easy to measure in the field and can be 
used to analyze soil water variability. In general, one can expect soil water 
contents to vary less over small differences in elevation than for larger ones. 

Surface slope also relatively easy to measure in the field. It is the 
difference between the soil surface elevation of two points and the horizontal 
distance between the points. Slope influences water flow processes significantly 
and the effects are amplified when soil layers have pronounced differences in 
composition. Under these conditions lateral movement of water is favored over 
vertical (Sinai and Zaslavsky, 1981). This movement is one of the major sources 
for subsurface runoff generation and can be a very important source of water to 
streams. 

Slope profile curvature is a measure of the convexity, straightness or 
concavity of a slope. Curvature is the second derivative of elevation with respect 
to horizontal distance. Describing it is important in water flow processes (For one 
method of describing concavity see Figure 11-1 in Corbett and Gersmehl, Chapter 
11 in this volume). Convex areas offer less stability than concave ones. As a 
result, water is often found in more quantities in concave zones; these could be 
seen as zones of concentration of soil water (Sinai and Zaslavsky, 1981). 

Each location within a catchment has an upslope area that contributes water 
to it. For example, the whole area of the catchment is the contributing area for 
the catchment outlet. Hence in general, locations farther from the catchment 
boundary are expected to have larger contributing areas. Us-ually, locations with 
larger contributing areas will tend to have higher soil water contents. However, 
other sources of variability, such as soil texture, soil thickness, and vegetation 
cover will cause variations in this tendency. 

Topography has a major impact on water movement. It controls lateral flow 
(versus vertical flow), affecting soil surface runoff and subsurface runoff water 
processes. Hence, accounting for topography in hydrologic modeling efforts is 
necessary. 

Soil properties. Among the soil properties affecting the soil water system 
are soil texture, structure, and bulk density. Combined, they determine the 
hydraulic conductivity and water storage characteristics of the soil matrix, are 
responsible for the distribution of water in the soil profile, and vary significantly 
in space. The resulting heterogeneous soil system is difficult to characterize and 
represent, but some general trends are present, like the common increase in bulk 
density with soil depth. 

The different soil horizons constitute soil layers that greatly affect the 
paths of water flow. Hence, this layered horizontal organization of soil materials 
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controls the soil water and is a source of variability. Representing these and other 
existing soil properties for various applications at different scales is a major 
problem. 

Soil cover. Soil cover also affects the linkage between the soil and the 
hydrologic cycle. If vegetation is present, both transpiration and interception are 
added to the analysis of water flux rates through the soil system. In addition, 
plant root channels in the soil add to the complexity of the system, becoming other 
possible pathways for water movement. 

Soil cover may be composed of plants, rocks, straw, and other organic or 
inorganic rna terials. These modify the existing soil structure, and soil surface 
condition, which are extremely important in the infiltration of water into the soil 
system. 

The cover of the soil surface varies significantly in space and in time in 
response to natural factors and management practices. One example of a large 
spatial contrast is the difference in soil cover between adjacent undisturbed forest 
and forest land that has just been harvested. The cutting of the forest also 
represents a major temporal change in land cover. Changes in the size of plant 
leaves or in the extent of vegetation cover with growth stage and climatic 

itions is one of the ways the cover changes over time. Hence, characterizing 
component and its effect on the soil water processes is not simple (For more 

ion of the complexities of cover types see P. Gersmehl et al., Chapter 6, and 
. Gersmehl, Chapter 7 in this volume). 

Other factors. Many other factors affect the soil water system. Some of 
are depth to a shallow water table, depth to and nature of underlying 

pan or bedrock material, and soil biological populations (roots, earthworms, 
, etc.). These factors play an important role in determining the variability 

!Soil water and need to be considered. 

Groundwater aquifers may also contribute to the soil water system, 
ly where the aquifer lies close to the soil surface, allowing unsaturated and 

ted upward movement of water. The dissolved solids in these waters also 
ges the structure and therefore the capacity of the soil to conduct water 

time. 

Vertical movement of soil water is significantly limited in shallow soils 
a lower impeding boundary such as shallow impervious bedrock or a hardpan. 

tion of the soil surface will occur during the rainy season, but these 
conditions will be very transient. These soil conditions also tend to 

the lateral flow component when the soil is sloping. 

Plant roots, earthworms, gophers, and other biological organisms in the soil 
have a major impact on the distribution of soil water. Decaying roots can 
an easy access channel for water to move quickly into deeper horizons, 

g in flow processes not generally considered in hydrologic models. 
izing and modeling for these types of phenomena greatly increases 

ity, especially when data on these phenomena are not sufficient. All of 
. ~ariables require major field data collection efforts because they are not 

istics that are described in soil surveys. As soil water models improve to 
these transient phenomena it will be necessary to develop ways to 

these features in soil mapping units. 
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Importance in hydrologic processes and water resources design 

Whether the purpose is to understand hydrologic processes or to design 
water resources systems, we must recognize that the variability of soil water has a 
major impact on the processes. In any investigation dealing with runoff or 
infiltration processes we must first define the objectives before defining the way 
we look at soil water. Only then will it be possible to consider the necessary and 
pertinent details. For example, to perform the hydraulic design of a bridge it is 
necessary to estimate the peak discharge at the bridge for a given design storm. To 
obtain this estimate it may not be necessary to consider the spatial variability of 
soil water. In contrast, it is critical to quantify the spatial variability of soil water 
when scheduling the irrigation for a growing a crop. 

The scale of an hydrologic analysis needs to be considered in determining 
the detail required because variability is highly scale dependent. For example, 
agricultural research field plots may require very detailed knowledge of large-scale 
variability; while, river basins may need less detailed information on variability. 
As an analogy to the analysis of electronic signals, the noise relates to the large 
scale variability as the actual signal relates to that of the small scale. A clear 
understanding of the sources and effects of soil water variability is a substantial 
help in defining the detail of the rainfall-runoff and infiltration processes at a 
given location. 

Antecedent soil water conditions play a major role in determining the 
partitioning of rainfall into infiltration and runoff. If the soil is quite wet when 
rainfall occurs, then infiltration will be reduced and more surface runoff can 
occur. In contrast, if the soil is quite dry when rainfall occurs, then a large part (if 
not all) of the rainfall will infiltrate and little runoff will occur. The rainfall 
that infiltrates recharges the soil water and allows soil water to move by lateral 
flow, deep percolation, or evapotranspiration. 

The availability of soil water to plants is essential to growth and controls 
transpiration rate. Thus soil water availability affects the irrigation water needed 
and has a major impact on the water resources management of a region. It is 
controlled by the amount and size of pore spaces and the tension of the bond 
between water molecules and soil particles. The strength of the bonding is 
governed by the particle size and mineral structure. 

Although the way water is held in the soil profile constrains its availability, 
the fundamental limits of soil water availability are imposed by the sources of 
water. In most situations this comes in the form of precipitation, but there can be 
significant additions to the profile from the porous materials lying below the soil 
profile. Through the process of upward movement of water, by capillary 
attraction or aided by hydraulic head, the water in the materials underlying the 
soil profile can assist in recharging the soil profile for water extracted by plants. 
Although the upward movement of water into the soil profile is not usually taken 
into account in assessing soil water availability, the fact that it does increase the 
availability in many situations makes its consideration necessary. 

Modeling soil water variability 

We can treat soil water variability with models in several ways. First it is 
necessary to handle the soil layer differences. The characteristic values for a 
heterogeneous system may be used to run a homogeneous analysis, eg. representing. 
two soil layers as a single one (as the effects of two resistors can be combined into 
one in electrical analyses). Or, the values representing each "smaller homogeneous 
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system" may be analyzed, and then combined to yield a response for the whole 
system. 

While theoretically feasible, these methods are not practical, because 
boundaries of adjacent "homogeneous" areas -- if they may be considered as such -
are not defined well enough for "modeling reality". In hypothetical modeling of 
fictitious cases, making well defined boundaries is possible, but their solution is 
limited by the analytical and numerical solutions available. We will consider two 
general model types applied to soil water studies here, the deterministic and 
stochastic approaches. These approaches may be applied in several ways, but our 
presentation is not intended to be all inclusive. 

Deterministic models. Deterministic models always yield the same outcome, 
providing inputs are not changed. Soil water variability could be represented as a 
function of topography, soil properties and soil cover, for example. This function 
would be fixed by physical laws, that are not subject to chance. These models 
could be applied, as mentioned earlier, to small homogeneous units, or to larger 
ones, if they include inputs that represent the lack of uniformity. However, 
deterministic approaches should be used mainly to characterize average conditions, 
and then hope that these perform well given the uncertainties not incorporated in 
the model formulation. 

The major problem with deterministic models is the acquisition of the 
required input data. For large areas it is generally not possible to know the true 
distribution of parameters and inputs to the model because of the cost or 

·.unavailability of such data. As a practical compromise average conditions over 
subareas of the total area analyzed are normally applied. This averaging is one 
major reason why deterministic models frequently fail to perform well in 
predicting hydrologic phenomena. It is an example of the scale change problems 
described later in this Chapter and in different contexts in Chapters 2, 10, 11, and 
12. 

Stochastic models. Stochastic models are an extension of the deterministic 
ones in that they include the "chance" factor, that is, they have a "random", or 
uncertainty component. Hence, a stochastic model is run several times with the 
same set of inputs, the output from the model will vary in a stochastic manner. 

It is logical to use a model containing a random component because natural 
conditions and processes are erratic, heterogeneous, and difficult to measure. To 
improve the analysis, known functions representing the statistical distribution of 
system parameters and inputs can be used, and the output from the model can then 

represented statistically. Hence, soil properties such as hydraulic conductivity 
may be represented in the model with a deterministic component and a random 

, probability, or correlation to soil water) component. This can be done with 
the inputs, in an attempt to model "reality". The analyses may be further 

"•'""''" by taking into account the correlation between the inputs as well. This 
complicates the modeling process. 

ing hydrologic processes accounting for soil water variability 

Runoff is significantly affected by soil water existing conditions. Hence, 
understanding the spatial and temporal variability of soil water will be greatly 

by knowing the saturating areas that will contribute surface runoff. The 
il of this knowledge is scale dependent. 

One-dimensional, vertical modeling -- modeling at a point --can be achieved 
present knowledge. The physical understanding of water flow processes in 
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one dimension enhances the modeling efforts. For homogeneous systems, 
physically-based, deterministic models perform well at describing actual processes. 
Expanding modeling efforts to two- or three-dimensional modeling is sometimes 
necessary, eg. when subsurface water flow is a major component. In these cases, 
description of flow processes is more complex because integration of all the 
components is needed. 

If an area, eg. a field plot, is modeled, and the analyses are applied to a 
much larger area, the plot could be viewed as a point. Differences in scale 
becomes a concern. Measured data is taken from small areas that are considered 
points when compared to the size of areas being modeled. We normally try to 
understand the response of the larger system through the understanding of the 
smaller systems. We do this by taking a number of point measurements to 
represent the area of analysis and using them in a comprehensive model. This is 
the scale change problem mentioned earlier. An important question that arises here 
is, "How many point measurements do I need to accurately represent the large 
system?" 

Modeling of rainfall-runoff and infiltration processes has shown 
considerable progress, but still needs improvement for analysis of more 
heterogeneous systems. The number of variables required for such analyses should 
warn us against using a simple, general approach as a "law". Local characteristics 
such as topography, soil type, soil cover, soil surface condition, and antecedent 
moisture condition must be considered in predicting runoff from rainfall events. 

Soil water availability is extremely important in understanding and 
characterizing hydrologic processes. Not treating antecedent soil water conditions 
with care may make the difference between a good and poor prediction of the 
actual phenomena. Knowing the starting conditions is more crucial in storm-event 
modeling, but significantly less in annual modeling on a daily basis. 

Good information of initial soil water conditions needs to be considered 
with the modeling objectives because prior conditions greatly affect the timing and 
nature of the runoff peaks and saturated areas are the first to contribute runoff. 
The spatial variability of initial moisture conditions and the fact that quite often 
only a fraction of the total catchment contributes to runoff are the basis of the 
source area concept (or partial area concept) of runoff generation investigated by 
Hewlett (1961 ), Betson and Mari us ( 1969), Dunne and Black (1970), Hewlett and 
Nutter (1970), Beven (1978), and O'Loughlin (1986). 

Understanding and characterizing soil water variability 

Measuring soil water variability and understanding the influencing 
hydrologic processes is essential to their characterization for modeling purposes. 
The nature of the scale-dependent variability is a function of the determining 
factors discussed earlier. These can be described and the quality of the data 
evaluated with several methods. In the following paragraphs we present two of 
these methods for evaluating data on soil properties, soil cover, and topography. 
These are the geostatistical, and classical statistics approaches. 

Geostatistics offers great advantages. It is presently used in several 
applications including mineral prospecting, groundwater flow (Delhomme, 1979), 
analysis of soil properties, and infiltration. It can be used very effectively in 
structural analysis, and it can help to generate contour maps for a given property, 
having some measured values and knowing their location. It can be used for the 
analysis of spatial, as well as of temporal, variability. We present here a brief 
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outline of some of the basic concepts in geosta tistics. For more details readers are 
referred to Journel and Huijbregts (1978), Vieira, et. al. (1983), or other 
descriptions of this approach. 

Geostatistics uses "regionalized variables" (measurable quantities), and its 
theory is based on the observation that the variabilities of these measures have a 
particular structure. Properties at two different locations are autocorrelated, a 
relationship that depends mainly on the separation vector (distance and direction) 
between them. This relationship also depends on the properties being analyzed. 
For example, properties such as groundwater table elevations or mineral contents 
of two locations have more autocorrelation when they are close to each other, than 
when far apart. This fact can then be used to improve efforts to interpolate 

ibetween measured values. 

There are two basic geostatistical methods for treating the spatial 
dependencies of properties at points. These are the semi-variogram, a means of 
quantifying spatial dependence of a given property, and kriging, a means of 
interpolating a property in the space among points where the property has been 
measured. 

The semi-variogram is a function that characterizes the variability between 
two quantities measured at two points. These points are related to each other by a 
separation vector (h). It is similar to a covariance, but is inversely proportional to 
the covariance. The variogram function is defined as the variance of the 
increment of the "true" value of the property between any pair of locations 
separated by the vector (h). 

Some basic assumptions about the nature of the property simplifies the 
analysis significantly. Isotropy (the directional independence of the property) 
makes it necessary to only look at the magnitude of the separation vector, and not 
the direction. Directionally dependent (anisotropic) properties can also be 
considered by geostatistic methods. Hydraulic conductivity is one property where 
directional dependence is usually important. 

The main advantage in using the variogram (twice the semi-variogram), 
versus the covariance, is that the variance does not need to be known to do the 
analysis. Thus, without a knowledge of the variance of the random variable, the 
nature of the variability can still be examined. This is unlike classical statistics, 
where the variance function is assumed to be uniform regardless of location (x). 
The hypothesis of the existence of variability using the variogram is less vigorous 
than that of the existence of the covariance. Hence, a variogram can be defined in 
more cases (eg. highly dispersive random functions) than a covariance. 

Kriging is a linear unbiased minimum variance estimator that is very useful 
in performing interpolation; no other linear estimator gives better results than the 
kriging method. D.G. Krige (1951) introduced the kriging procedure, and G. 
Matheron (1962) formalized it. Several kriging based procedures exist now. They 
are better than other estimators because they provide a measure of the variance of 
the estimate in addition to the estimated value. 

Kriging uses only measures of one property for its estimation (interpolation) 
of that property at a different locations. Co-kriging uses not only the property 
being estimated, but one or more additional properties to improve the estimation of 
the main property. For example, measurements of soil surface temperature and of 
percent sand content can be used to improve estimates of soil water amount with 
measurements of gravimetric water content at sample locations (Yates and Warrick, 
1987). 
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The kriging and co-kriging estimating procedures are linear. They calculate 
their weighting coefficients using the information contained in the semi-variogram 
defined as the variability of the property as a function of separation vectors. The 
coefficients are calculated for an unbiased and minimum variance estimator. 

The geostatistic approach is based on several concepts that are important in 
research design, and one of these, the intrinsic hypothesis is, of particular 
importance here. When assuming the intrinsic hypothesis, authorized linear 
combinations must be used for the variance to be finite. Readers interested in the 
use geostatistical tools are urged to consult the references cited above for a better 
supporting background. 

Regression, and other classical statistical measures may be used to quantify 
hydrologic properties with available data. Distribution functions, as well as simple 
measures of mean values and standard deviations, can be effective for describing 
the data, making it feasible to perform further analysis. Analysis of variance 
requires special care because all variances are assumed identical. This as well as 
other underlying assumptions should be kept in mind at all times when performing 
these analyses; these assumptions may have a significant limit on the conclusions 
that can be drawn. 

Geostatistic tools can be used as an exploration tool for finding the 
predominant factors that characterize soil water variability in a given catchment. 
This can help us link the variability to causal factors like topography, soil texture, 
or soil cover conditions. The semi-variogram particularly helps determine if there 
is more correlation in a plane (x,y), in a space (x,y,z), or in a one-dimensional 
analysis of elevation (z). 

Example applications 

In a study of a catchment in East Texas (Broaddus 5) it showed that 
differences in soil surface elevation described the soil water variability much 
better than separation distances in two or three dimensions (Lopez Bakovic and 
Nieber, 1987). The variogram also shifted its position (magnitude) as mean soil 
water contents, as measured with neutron probe, varied for the 23 monitoring 
tubes. These results and more discussion of soil water variability are found in 
Lopez Bakovic (I 987). 

Two theoretical semi-variogram models were developed -- one linear and one 
exponential, both with a "nugget" -- for 2 June, 1982 for the Broaddus 5 catchment. 
As separation distances (h), differences in elevation (z) were used (Figure 8-7). 

The linear semi-variogram was input to a kriging program to estimate the 
soil water contents to generate their contour plots (Figure 8-8b). The resulting soil 
water contours were in close relation to the elevation contour lines (Figure 8-8a). 
The "variances" in soil water content plotted in Figure 8-Sc can help us visualize 
the range of values within which the actual water contents will lay. No estimated 
value is an "absolute, exact" number, and the variance should be kept in mind when 
using any numerical information to make decisions for water resources 
management and planning. 

Computer software should be used with discretion because use of kriging or 
any other method does not insure that results will be "good". It is important to 
inquire about the major assumptions and the underlying theoretical basis of any 
"packages" used. Computer models or software are often misused for a lack of 
knowledge about the concepts being used. They need pedigrees just as much as GIS 
data files do. This is demonstrated in the contour plot of soil water content using 
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Figure 8-7. Plots of the "experimental semi-variogram" are presented here together 
with the proposed "theoretical semi-variograms": 

a) Linear, Gam(h) = C + Theta • h 
( C

0 
= 3, Theta = 0.23 ) 

b) Exponential, Gam(h) = CQ. + s2 (l · exp(-h/a)) 
( C

0 
= 2, s2 = 10, a = 25 ) 

(A "nugget" (C
0

) was added to both semi-variogram models) 

These are the semi-variograms for soil water content as a function of elevation 
differences (h). As the difference h between two points increases, the correlation 
between their soil water content decreases; i.e., the covariance decreases, and the 
semi-variogram increases in value. 
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Figure 8-8. Kriging is a very powerful interpolator. It give both the interpolated 
estimate and its variance (i.e., estimation error). Map A shows the elevation 
contour map for a forested area, Broaddus 5, in Texas. Map B is a contour plot of 
soil water content generated using "kriging" with a linear semi-variogram that is a 
function of elevation differences (shown in a Figure 8-7). Map C displays the 
variances (i.e., standard deviations squared) for the estimated soil water contents in 
contours. The soil water contour map D was generated for the same conditions as 
B, but using kriging with Surfer, by Golden Software Incorporated. 
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a kriging routine that only takes into account information about the plane (x,y) in 
Figure 8-8d. It differs from the previous plot in Figure 8-8b, where the semi
variogram was characterized by differences in elevation. Soil water contents for 
this example were significantly more correlated to differences in elevation. Hence, 
an interpolator using this greater correlation would be expected to better describe 
patterns of soil water content. 

SOIL WATER DATA 

Data on soil water can come from several sources. To this point we have 
elaborated on methods to infer soil water contents for unmeasured areas or sites. 
These indirect methods require both site specific variable data and supplemental 
field measurements for calibration arid validation. Unfortunately there is very 
little soil water data collected and published. And for the reasons elaborated in 
detail in this chapter, the data that exists is not transportable to other sites. 

The amounts of soil water can be measured by several methods, some more 
accurate than others. These methods include gravimetric, nuclear, and 
electromagnetic techniques. Remote sensing approaches using solar, thermal 
infrared, and microwave descriptions can also be used. Schmugge et al. (1980) 
provide more detail on these methods. The gravimetric technique most frequently 
used is the oven-drying method. Nuclear techniques include: neutron scattering 
and gamma-ray attenuation. Electromagnetic techniques rely on the electrical 
properties of soils as affected by water content. Tensiometric techniques use 
capillary tension to determine soil water pressure, and using pressure-volumetric 
water content curves water amounts can be found. 

Modeling the soil-water balance gives an indirect measure of amount of 
water in soils. This type of model uses other measured properties to calculate and 
describe the soil water system. Soil textural class and terrain are less time variable 
than rainfall amount or land cover. The latter two are more difficult to access for 
a given site and time (See Chapters 3, 4, 6, and 10 in this volume). The accuracy 
depends on the reliability of the input parameters, and also on the understanding 
of the hydrologic processes taking place. For example, proper modeling of "actual" 
evapotranspiration is important in the modeling of the soil water. It is also 
extremely difficult to verify. 

Measuring and describing soil water systems is highly dependent on the 
scale of concern. The techniques used must be appropriate to the scale used and 
the objectives of the study, because the most important factors affecting the soil 
water redistribution differ between small field plots and larger plots, or 
catchments. For a small field plot, elevation differences are most likely not 
significant explainers of the spatial variability of soil water. Conversely, large 
scale variations ·in soil cover or soil textural type may be more important 
controlling factors for water movement. 

Land use also plays a major role in the redistribution of water. Agriculture, 
with mostly annual crops, affects the soil water system in a different way than 
forestry, with more perennial veg'etation. Within agriculture, tillage and crop 
management practices exert strong controls on soil water through the impacts they 
have on soil structure, soil drainage, and transpiration capacity of cover crops. 
Thus variations in the use of a given cover become important (P. Gersmehl et al., 
Chapter 6 in this volume). 
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Most existing data of soil water systems have been generated by individual 
efforts, for specific studies. Reliable and comprehensive data for whole regions or 
even small areas are practically nonexistent. Maintenance of such reporting 
networks, although costly and difficult, is necessary to develop a better 
understanding of soil water budgets. Furthermore, case studies with important 
findings quite often benefit only the site(s) considered, because transferability of 
findings is not given proper attention in the research design phase and or in the 
reporting of results .. 

Future data needs. Better descriptions of soil water systems are necessary to 
analyze water resources for whole regions. For example, characterizing the 
saturation prone areas in catchments can greatly enhance hydrologic modeling. 
One possible criterion for classifying soil areas might be the time required for soil 
surface saturation by a storm of given intensity. Practically, this could be 
calculated directly for a storm event by using those topographic attributes of an 
area 'that enhance the develo.pment of saturation zones. In the short run it might 
be necessary to calculate simple qualitative classes for speed of saturation, but as a 
long-term goal we should consider ways to determine continuous rather than 
classed saturation capacity. 

Great efforts are needed to integrate and coordinate "site" studies so that 
their findings may be used for other sites. In short, we need to know more about 
how to use what is known. Generality and effectiveness could be achieved by 
working more with dimensional analyses, for example. 

Characterizing hydrologic processes is greatly enhanced with good and 
reliable soils data on bulk density, soil structure, and soil texture. More accurate 
soil textural maps are needed to improve hydrologic studies for better planning 
and management. It is also imperative that we develop reliable methods to 
characterize the dynamics of soil macro pores. 

SUMMARY AND CONCLUSIONS 

The use of soil water modeling can be extremely effective in water 
resources planning. Modeling efforts can range from very simple to very complex, 
depending on the objectives and the area scale being considered. 

Understanding and modeling for soil water variability (scale dependent) is 
important in quantifying hydrologic processes. An example would be the 
quantifying of peak and amount of runoff water. If the model accounts for soil 
water variability in catchments (eg. geomorphologically based), initial conditions 
may not be so critical for long term modeling as for storm event modeling. Point 
modeling can be very effectively used when applied with a good perspective of the 
variability inherent in the area being analyzed. This requires good data, but above 
all a good interpretation of the results from point modeling. 

Geostatistic tools may be used to understand and quantify the variability of 
soil water in a catchment. These methods (eg. semi-variogram and kriging) may 
also be used to understand both spatial and temporal variability of other processes 
or factors. 

A comprehensive data system of soil water to describe and locate zones of 
rapid soil surface saturation could be a great contribution to the soil data bank. 
These data are not to be used as absolute measures of water amounts, but as a 
good, tangible source to understand the nature of water variability in soils. They 
could be obtained on a catchment basis. 
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