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The Precipitation—-Runoff Modeling System (PRMS), developed by
Leavesley and others (1993) of the USGS, was used to model the water-
sheds. The PRMS is a physically based, deterministic computer model
designed to simulate snowpack accumulation and snowmelt- and pre-

cipitation-runoff processes. To simulate basin runoff, the model partitions (Kuhn, 1988) or data were represented by larger (5-kilometer) grid cells
water?heds into areas or land units known. as hydrologic-response unij[s (Parker and others, 1992). For this study, however, a process was devel- Grouped data Source data Source data Grouped data
(HRU?s). Eacfh H]R[g;l 1S Essumed to exhibit a homogenleous hgdmlzglc oped to delineate land units (the HRU'’s) by using the GIS data base. An
response, unitormly distributing precipitation or snowmelt runoff, and is HRU is a spatially noncontiguous and discrete land unit defined by the GIS
characterized primarily by physiographic properties. A digital GIS of eleva- data layersj3 Its goundariesgare not restricted by subbasin boungaries but ELEVATION = = ELEVATION
tion, slope, aspect, soil, and land-use and land-cover data was created for are derived from the spatial distributions of the data layers. The method & 100 o 100
each watershed. These watershed GIS data bases were used to delineate developed to delineate HRU's was designed from the raster-based pattern- 120°30" = i 80 @ 80 187 o
the HRU's, which have a noncontiguous distribution, and objectively derive recognition process (Lillesand and Kiefer, 1979) that is used in image clas- ' r & 60 = 119040 1940
HRU data layers for each watershed. sification. This process identifies and tabulates all patterns of the input 12045, 120°45' e E 40 i 40 ' :
data layers. (A pattern is defined as a unique combination of the input data I [ <5 20 < T 20 T e :
The digital data layers of the GIS can be analyzed to meet a broad spec- a d e ok ; ; = = e L
_ : : i vers and is not to be confused with salient patterns of remotely sensed = g 0
trum of watershed-analysis and modeling requirements. This publication image data.) The pattern table can be analyzed and edited. Patterns can = =)
documents the map data and basinwide summary statistics that were used remain unique in the table, be associated with other patterns, or be ©
in the watershed-characterization process and the type and distribution of removed from the table. The modified pattern table then is used to assign o5 . . . .
HRU's delineated by using the described techniques. Included for each a value to or to classify each pattern of the input data layers. This process EXPLANATION ' ' EXPLANATION
watershed are (1) the source maps and summary statistics for each of the creates a single new data layer. Elevation, in meters }_ - E 2 | Elevation, in meters | -
five data layers used in the process, (2) maps of the source data grouped AL ARG above sea level Z 0 above sea level = EXPLANATION
for the delineation of the HRU's, and (3) the final HRU maps and sum- Process Used to Delineate Hydrologic-Response Units Boiin B i SN < ] & 15 _ 2500 330 - K Elevation. i meters
mary statistics used to develop the PRMS model. e 2,600 W 1 L= 3.900 above sea level
The data layers of elevation, slope, aspect, soil, and land use and land B 218t01,372 2,200 z Z 1.0 i ’ B 1646101981
Precipitation-Runoff Modeling System cover were used to delineate HRU's in this study. The source-data catego- . - 1,800 < - < 2,800
and Hydrologic-Response Units ries within each GIS data layer were regrouped into fewer, new categories il Bl 1373101829 = 1.400 T o 0.5 ] [ ] 1,982t02,438
(grouped data) according to hydrologic-response characteristics and sen- ’ m ’ 2,400
The PRMS is a physically based, deterministic, distributed-parameter sitivity to climatic factors (see section "Grouped Source Data Used to 1 1,830to02,745 1,000 0 g , - ) 9 000 B 24391t03,493
model designed to simulate watershed processes, which include snowpack Delineate Hydrologic-Response Units"). Each of the five grouped-data lay- Tt 0 ; 10 MILES 600 0200 600 1.000 1.400 1.800 2 OO 2600 3.000 1,600 2,000 2,400 2,800 3,200 3,600 ’ 0 10 MILES
accumulation, snowmelt, precipitation infiltration, and runoff. The spatial ers was converted to raster format at a cell resolution of 100 by 100 0 10 KILOMETERS 200 ELEVATION, IN METERS ABOVE SEA LEVEL ELEVATION, IN METERS ABOVE SEA LEVEL 1,600 0 TOKILOMETERS
variability of watershed characteristics that affect runoff is accounted for by meters. Each cell of each of the five data layers has a characteristic pat- ’
conceptually dividing the watershed into HRU's. Each HRU is assumed to tern or combination of the grouped-data categories. All possible combina- SL.OPE — = SL.OPE
exhibit a uniform hydrologic response to precipitation or snowmelt and is tions of the five grouped-data layers were determined and then tabulated i 100 i 100
characterized by the physical properties of a basin, which include eleva- and separately tallied for the watershed. Each pattern was given a unique & 80 & 80
tion, slope, aspect, vegetation, soil, geology, and climate. Theoretically, pattern identification number (PIN). For example, for the East Fork Car- zZy Z} o
each HRU has a unique water-and-energy budget. The PRMS is an son River watershed, PIN 18 is described by the following combination: ,f g . o i~
accounting model that sums the water-and-energy budgets of each HRU elevation, 1,646 to 1,981 meters; slope, 8 to 30 degrees; aspect, north 13(: 5 40 0<: 5 40
on a weighted-area basis to yield a basinwide response. For each HRU, facing; soil, gravelly sand; and land use and land cover, evergreen forest. = 20 3 20 -
the model requires that 40 model parameters be determined. These Within the grid representing this watershed, 338 cells have this % 0 % 0
parameters jointly describe how, when, and where water moves through pattern. o O
the watershed.
. o The number of entries in the table depends on the number of data lay- 35~ T T T T T 3.5 T T
Techmqu.eS that use V?ctor afndfaster data and a digital GIS' wese devel- ers used and the number of grouped-data categories in each data layer. EXPLANATION 3.0 Maximum 9.7 percent _ 3.0 N EXPLANATION
op?d FO define .th'e spatial variability of watershed cbaracterlstlcs and to For each watershed, almost 500 PIN's were identified. Although each PIN ENPLANATION Slope, in degrees = = Slope, in degrees EXPLANATION
assist in determining model parameters. The techniques used for HRU could be used to define an HRU, the PRMS can accommodate only 50 ; i 25 . W25 = :
delineation are summarized in this publication with an emphasis on graphic HBLs:  Theralore the S ndemes D £ e e e, nidngras
: patterns were analyzed and the total number of T 59 . w 2.0 =
presentation of the watershed data and on the final HRU's. unique PIN's reduced by using relational data-base-management tech- Bl 07 e o ; o0 Bl Oto7
niques within the GIS. Selected patterns were combined by reassigning a 50 Z 1.5 N :f 1.5 T 50
Acknowledgments single value to their PIN table entries. Unlike previous steps, this PIN- Bl 830 40 é 1.0 - 1.0 . 40 Bl st030
reassigning process requires some subjectivity to identify the hydrologicall < <
The authors thank G.P. Thelin (U.S. Geological Survey), who mosaicked most gigni?ic?ant areas.q The final pattclem tage can havZ the s:me ngmbez Bl Greater than 30 28 0.5 ] B g 28 311045
the data sets for the digital elevation model, and J.C. Stone (U.S. Geologi- of entries as before reassigning PIN's but only 50 unique PIN values. If an 0 A 0 ) S
cal Survey), whose technical expertise and visual creativity in computer entry is removed from the table, that pattern cannot be identified later. 10 0 10 20 30 40 S50 60 70 0 10 20 30 40 50 60 70 10 B Greater than 45
graphics were essential in developing and assembling the individual com- This final table, known as the HRU-characterization table for the 0 SLOPE, IN DEGREES SLOPE, IN DEGREES 0
ponents of this publication. watershed, was used to assign an HRU number (one of the 50 unique
PIN's) to each cell. Each cell of the five grouped-data layers used to create
WATERSHED DESCRIPTIONS the PIN table was compared with the HRU-characterization table. When a ASLEL T ASPECT
match was found, the assigned HRU number was placed in a new output
The geographic setting of the American River and Carson River Basins data layer or image. A null value was assigned to the output data layer if
and of the North Fork American River and East Fork Carson River water- no match was found.
sheds is shown in the location maps (upper right).
Grouped Source Data Used to Delineate - -
The North Fork American River watershed is in California on the wind- Hydrologic-Response Units
ward slopes of the Sierra Nevada, west of Lake Tahoe. The North Fork is
one of three major forks of the American River. The vegetation in the Maps based on the grouped source data used to delineate the HRU's
watershed is characterized mostly by evergreen forest with shrub-and- are shown and categories are explained in the grouped-data column for
brush rangeland, although deciduous forests are found at lower elevations each watershed. The categories, as defined by the hydrologic modelers, . E’:PLANA“ON
and large areas of bare rock at higher elevations. The geology of the area | may differ among watersheds. Several considerations are used to define . : EXPLANATION
is dominated by igneous rocks (volcanic and granitic), although metasedi- categories for each data layer. The elevation categories are based on dif- Wl Ploch by EXPLANATION Aspect
mentary rocks are also common. The soils, primarily clay loams and ferences in precipitation distribution resulting from orographic effects and | Aspect Bl North facing
coarse sandy loams, are typical products of such parent material. regional weather patterns. The HRU's are defined so that they do not M Meatoeai s iion Bl North facing B Southwest facing EXPLANATION

The physiographic setting of the North Fork American River watershed
is characteristic of the windward slopes of the Sierra Nevada. Streamflow
is measured at the North Fork Dam, which is 6.4 kilometers northeast of
Auburn, Calif. The streamflow-gaging station monitors a drainage area of
886 square kilometers. The elevation of the watershed ranges from 218
meters to 2,745 meters above sea level; the median elevation is 1,270
meters. The average slope in the watershed is about 17 degrees, and the
dominant aspect is westward.

The North Fork American River watershed is in the Sacramento Drain-
age Climatic Division of California (Elford, 1970), which was described by
Felton (1965). Precipitation occurs primarily during fall and winter as
snow at higher elevations and rain at lower elevations. The average annual
precipitation ranges from about 813 millimeters near the streamflow-
gaging station to 1,651 millimeters at higher elevations. Almost 70 per-
cent of the annual runoff occurs from December through April and is uni-

formly distributed throughout this time. Over the years, land cover in the for each watershed are listed in tables 1 and 2. For the North Fork Ameri- Bl CA141(13.94) [l CA850(3.49) Bl 11(1.02) [l 31(5:39) Il 63 (1.25
watershed has changed as a result of logging, residential development, and* can River watershed, the HRU numbers, HRU-area percentages, and Bl CA416 (2.86) CA853 (4.83) Bl 12(393) [ 33(13.42) [ 71 (0.94)
forest fires. attributes defining the HRU'’s are shown in table 1; corresponding informa- EXPLANATION E gﬁii: 22353)6) 22223 8?33 = 1[31 81812; = Z? Eg?g; B 72(1.87) S AATION

The East Fork Carson River watershed is in California on the leeward tel)c:nl for (;(he - Fo.rk (Earson o watersh?d oy il t‘ab_le e s [ CA455(3.21)  [Hl CA863(17.08) Bl 15047 [l 421233 I 73 0.6 Soil

: plained in the section "Process Used to Delineate Hydrologic-Response B C Il 81(0.57) 1 Sk

slopes of the Sierra Nevada southeast of Lake Tahoe. The East Fork Car- Units," many PIN entries in the HRU-characterization table can have the : Bl 16(5.36) [l 43(0.70) B 82 (5.52) i
son is one of two forks that form the headwaters of the Carson River, same HRU number; therefore, the characteristics of the dominant PIN for B Cal B 17(1.35 [] 51(0.63) B 92 (5.36)
which flows into the Carson Sink near Fallon, Nev. The vegetation in the each of the 50 HRU's are listed in tables 1 and 2. G hne B 19163 | 52(1.31) B 93 (14.03) B Cay
watershed is dominated by evergreen forest. Shrub-and-brush rangeland W c l Bl 22(1.82) [ 53(0.08) i 94 (1.72) B o
and some deciduous forest are typical at the lower elevations, and tundra- The HRU map of each watershed is color coded to reflect land-use and gl e gk Bl 23(0.22) [l 61(1.79) Bl 95 (5.97) e
type vegetation is found at higher elevations. Granitic and volcanic forma- land-cover types and to show the noncontiguous distribution and overall Bl Rocky material B 28(0.03) [l 62 (6.65) B Grovelly sond

tions characterize the geology. Mechanical weathering has created zones
of coarse alluvial fill. The soils are dominated by shallow gravelly sands
throughout the watershed; clayey soils and loams are found in some
valleys.

The physiographic setting of the East Fork Carson River watershed is
characteristic of the leeward slopes of the Sierra Nevada and the head-
waters of the Carson River Basin. Streamflow is measured at a site that is
2.4 kilometers north-northeast of Markleeville, Calif. The streamflow-
gaging station monitors a drainage area of 715 square kilometers. The
elevation of the watershed ranges from 1,646 to 3,493 meters above sea
level; the median elevation is 2,417 meters. The average slope in the
watershed is about 21 degrees, and the east-northeast-facing aspect is
slightly dominant.

The East Fork Carson River watershed is in the Northeast Interior
Basins Climatic Division (Felton, 1965; Elford, 1970). Precipitation occurs
primarily during fall and winter as snow, but some also occurs during sum-
mer as thundershowers. The average annual precipitation ranges from
approximately 559 millimeters near the streamflow-gaging station to
1,244 millimeters at higher elevations. Approximately 55 percent of the
annual runoff occurs almost equally during April, May, and June.

DESCRIPTION OF THE SOURCE DATA

An integrated GIS data base was developed for the purpose of paired-
basin analysis and model development. Source data were acquired for the
watershed GIS in many forms, including paper maps and data records, dig-
ital vector (line-based) format, and grid and image (cell-based) raster for-
mats. The data were either manually digitized by using a digitizing table or
digitally reformatted into an appropriate vector or raster GIS format. All
data layers shown on color-coded maps for each watershed in the source-
data columns are from digital data in raster format.

Elevation Data

The digital elevation data (U.S. Geological Survey, 1987) are a subset of

WATERSHED CHARACTERIZATION

Previously, basin characteristics and the HRU’s were determined for the
PRMS by using maps, reports, and digital spatial data. Basin characteris-
tics generally were restricted spatially to hydrographic subbasin boundaries

cross elevation-category boundaries. The slope categories are based on
geomorphology and soil properties. The aspect categories are derived
from potential-solar-radiation properties. The soil categories are grouped
primarily on the basis of the textural properties of each soil. All land-use
and land-cover categories from the source data are used directly except for
water bodies, transition zones, residential areas, and other categories of
limited areal extent. (The exceptions are assigned values corresponding to
adjacent land-use and land-cover categories.)

Maps of Hydrologic-Response Units

The HRU maps for the North Fork American River and East Fork Car-
son River watersheds are shown below the grouped-data columns. The
HRU map for each watershed shows a small part of the watershed
enlarged, and an accompanying bar graph indicates what percentage of
the watershed corresponds to each HRU. In the enlargement, selected
HRU's are keyed to a list of the defining attributes of each. All 50 HRU's

spatial patterns of HRU's resulting from the model-building process. Nomi-
nal filtering was applied to the HRU data set to reassign the value of an
adjacent pixel to any individual pixel that was not in contact with at least
three other pixels of the same value. Therefore, because the cell size is
100 by 100 meters, the minimum size of an HRU mapping unit is 4 hec-
tares. For the North Fork American River watershed, the average size of
an HRU is 25.8 hectares; for the East Fork Carson River watershed, it is
18.8 hectares.

DISCUSSION

The technique developed for this study to delineate the HRU's for the
PRMS is an objective method for characterizing a watershed by using
diverse digital data in a GIS. The final color-coded maps show the noncon-
tiguous distribution and spatial patterns of the HRU's delineated by this
model-building process, which has the flexibility to model very different
hydrologic settings. The calibrated models developed for the two water-
sheds by using this technique acceptably simulate measured basin stream-
flow (A.E. Jeton, U.S. Geological Survey, oral commun., 1992).

The distribution and density of the HRU's are controlled by the number
of data layers used, the criteria used to group the source data, the maxi-
mum allowable number of HRU's, and limitations or characteristics of the
GIS (such as compilation scale). The HRU's delineated by using this tech-
nique may not be appropriate for hydrologic-routing modeling. However,
the HRU data base has been used as input to watershed models for
climate-change sensitivity studies. Planned future work includes analysis of
individual HRU response, analysis of HRU sensitivity to climate change,
and a sensitivity analysis to determine the minimum or threshold number of
HRU's required to simulate watershed-scale hydrologic processes.
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49 17 Evergreen forestland.................... >31 W o 218-1.372 Do. 49 e e o el 2,439-3,493 Do. gory; and magenta hues, with shrub-and-brush-tundra category.
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(NGVD of 1929)—a geodetic datum derived from a general adjustment of the first-order
level nets of both the United States and Canada, formerly called Sea-Level Datum of 1929.

WATERSHED CHARACTERIZATION FOR PRECIPITATION-RUNOFF MODELING SYSTEM, NORTH FORK AMERICAN RIVER AND EAST FORK CARSON RIVER WATERSHEDS, CALIFORNIA

NORTH FORK AMERICAN RIVER WATERSHED

EAST FORK CARSON RIVER WATERSHED

[ ] Southeast, south, and
southwest facing and
level land

B West and northwest facing

B Northeast facing [l West facing

B East facing B Northwest facing
B Southeast facing [l Level land

[ South facing

Aspect in eight compass directions, showing
percentage of watershed area. Level land (4.9
percent) is not represented in above diagram

Aspect
Bl North facing
B Northeast facing
B East facing
[ Southeast facing
[ South facing

[ Northeast and east facing

[ ] Southeast, south, and
southwest facing
and level land

Aspect in eight compass directions, showing
percentage of watershed area. Level land (1.9
percent) is not represented in above diagram

B Southwest facing
Bl West facing
I Northwest facing

Il Lcvel land I West and northwest facing

SOIL

EXPLANATION
Soil—Categories are from State Soil Geographic Data
Base, or STATSGO (U.S. Soil Conservation Service,
1991). STATSGO category number (for example,
"CA448") and percentage of watershed area (in
parentheses) are listed. Colors are assigned from
STATSGO and are not related to soil properties

SOIL

EXPLANATION

Soil—Categories are from unpublished maps by
U.S. Forest Service (H.B. Summerfield, written
commun., 1991). Category number (for exam-
ple, "35") and percentage of watershed area (in
parentheses) are listed. Colors are related to
general soil properties

- Cropland and pasture

- Orchard

- Herbaceous rangeland

LAND USE AND LAND COVER

EXPLANATION

Land use and land cover—Number of categories was

reduced by eliminating 10 minor categories (residential,
commercial, industrial, transportation, mixed urban, lake,
reservoir, nonforested wetland, strip mine and quarry, and
transitional area). Land areas formerly in these categories
were reassigned to one of nine remaining categories by

merging with contiguous land areas
- Shrub-and-brush rangeland - Evergreen forestland
Bare exposed rock

- Mixed barren land

| Mixed rangeland
- Deciduous forestland

- Residential (0.4)
- Commercial (0.05)

Bl Industrial (0.02)

EXPLANATION

Land use and land cover—Categories are from
Anderson and others (1976). Number in paren-
theses is percentage of watershed area

- Transportation (0.5) - Evergreen forestland (78.2)
Bl Vixed urban (0.01) Bl Lake (0.08)

- Cropland and pasture (0.03) - Reservoir (0.3)

- Orchard (0.06) - Nonforested wetland (0.03)
- Herbaceous rangeland (0.2)

- Shrub-and-brush rangeland (14.9)
D Mixed rangeland (0.2)

- Deciduous forestland (2.3)

Major land-use and land-cover categories,
showing percentage of watershed area.
Categories that each account for less than
1.0 percent of land area have been com-
bined (white)

Bare exposed rock (1.4)
- Strip mine, quarry (0.07)
- Transitional area (1.3)

Bl Mixed barren land (0.04)

LAND USE AND LAND COVER

EXPLANATION
Land use and land cover—Num-
ber of categories was reduced by
eliminating three minor categories
(residential, lake, and reservoir).
Land areas formerly in these cate-
gories were reassigned to one of six
remaining categories by merging
with contiguous land areas
- Herbaceous rangeland

- Shrub-and-brush rangeland
- Deciduous forestland

EXPLANATION
Land use and land cover—Categories are
from Anderson and others (1976). Number
in parentheses is percentage of watershed area
- Residential (0.02)
- Herbaceous rangeland (0.64)
- Shrub-and-brush rangeland (23.5)
- Deciduous forestland (0.06)
- Evergreen forestland (68.0)

Major land-use and land-cover categories,
showing percentage of watershed area.
Categories that each account for less than
1.0 percent of land area have been com-
bined (white)

Mixed forestland (2.8) l
- Lake (0.03)

- Reservoir (0.15)
B shrub-and-brush tundra (4.8)

- Evergreen forestland

- Shrub-and-brush tundra

HYDROLOGIC-RESPONSE UNITS

Table 1. Characterization of hydrologic-response units, North Fork American River watershed

[HRU no., hydrologic-response-unit number. Area: percentage of watershed area. Land-use or land-cover classification: see Anderson and
others (1976). Aspect: E, east facing; L, level land; N, north facing; NE, northeast facing; NW, northwest facing; S, south facing; SE, south-
east facing: SW, southwest facing; W, west facing. do. or Do., ditto. >, greater than]

HYDROLOGIC-RESPONSE UNITS

Table 2. Characterization of hydrologic-response units, East Fork Carson River watershed

[HRU no., hydrologic-response-unit number. Area: percentage of watershed area. Land-use or land-cover classification: see Anderson and
others (1976). Aspect: E, east facing; L, level land; N, north facing; NE, northeast facing; NW, northwest facing; S, south facing; SE, south-
east facing; SW, southwest facing; W, west facing. do. or Do, ditto]
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