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Generalized Estimates from Streamflow Data of
Annual and Seasonal Ground-Water-Recharge Rates for
Drainage Basins in New Hampshire

By Robert H. Flynn and Gary D. Tasker

Abstract

This report presents regression equations to estimate gen-
eralized annual and seasonal ground-water-recharge ratesin
drainage basinsin New Hampshire. The ultimate source of
water for aground-water withdrawal is aquifer recharge from a
combination of precipitation on the aquifer, ground-water flow
from upland basin areas, and infiltration from streambedsto the
aquifer. An assessment of ground-water availability in abasin
requires that recharge rates be estimated under ‘normal’ condi-
tions and under assumed drought conditions.

Recharge equations were developed by analyzing stream-
flow, basin characteristics, and precipitation at 55 unregul ated
continuous record stream-gaging stations in New Hampshire
and in adjacent states. In the initia step, streamflow records
were analyzed to estimate a series of annual and seasonal
ground-water-recharge components of streamflow in each
drainage basin evaluated in this study. Regression equations
were then devel oped relating the series of annual and seasonal
ground-water-recharge values to the corresponding series of
annual and seasonal precipitation values as determined at the
centroid of each drainage basin. This resulted in one equation
for each of the 55 basins for each of the four seasonal periods
and the annual period, or atotal of 275 regression equations.
Average annual and seasonal precipitation datafor 1961-90
were then used to compute a set of hormalized ground-water-
recharge valuesthat reflected the long-term average annual and
seasonal variations (normalized) and mean recharge character-
istics of each drainage basin. Ordinary-least-squares regression
was applied in the process of selecting 10 out of 93 possible
basin and climatic characteristics for further testing in the
development of the equations for computing the generalized
estimate of annual and seasonal ground-water recharge based
on the set of normalized recharge values. Generalized-least-
squares regression was used for the final parameter estimation
and error evaluation. The following basin and climatic charac-
teristics were found to be statistically significant predictors for
at least one of the dependent variables: average annual, sum-
mer, and spring precipitation as determined at U.S. Geological
Survey stream-gaging stations; average annua basin-centroid
precipitation; average mean annual basin temperature; average

minimum winter basin temperature; percent coniferousforestin
a basin; percent mixed coniferous and deciduous forest in a
basin; average fall basin-centroid precipitation; and average
annual snowcover. These 10 basin and climatic characteristics
were selected because they were statistically significant based
on several statistical parameters that evaluated which combina
tion of characteristics contributed the most to the predictive
accuracy of the regression-eguation models. A geographic
information system isrequired to measure the values of the pre-
dictor variables for the equations developed in the study.

The average annual normalized ground-water recharge
was 21.0 in. This value was determined by generalized-least-
squares (GLS) regression analysisfor al of the basinsused in
the normalized ground-water recharge analysisfor precipitation
from 1961-90. The average winter (January 1-March 15)
ground-water recharge was 4.3 in., average spring (March 16—
May 31) ground-water recharge was 9.0 in., average summer
(June 1-October 31) ground-water recharge was 4.0 in., and
average fall (November 1-December 31) ground-water
rechargewas 3.6 in. Normalized ground-water recharge ranged
annualy from 12.3to 31.8in., for winter from 2.30to 7.82in.,
for spring from 5.16 to 13.7 in., for summer from 1.45 to
10.2 in., and for fall from 2.21to0 6.06 in.

Introduction

The population of New Hampshire is growing faster than
in any other State in the northeastern United States. The popu-
lation grew by approximately 141,000 people or 11.4 percent
from 1990 to 2000 (New Hampshire State Data Center, 2001).
Another 215,000 people are expected to live in the State by the
year 2025 (New Hampshire State Data Center, 2001). An
increase in population and industry, especially along the sea-
coast and south-central New Hampshire, has resulted in an
increased demand for water.

The development of large ground-water supplies associ-
ated with rapid population growth in New Hampshire hasraised
concern regarding the sustainability of the water supply and the
balancing of competing demands between various water users.
New, large withdrawals may have adverse effects on existing
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wells, streamflows, and wetlands. Recent development of large
ground-water suppliesin the seacoast region of New Hampshire
may bein competition with existing uses and hasraised concern
for environmentally sensitive areas.

In 1998, the New Hampshire Ground Water Protection Act
and the New Hampshire Safe Drinking Water Act were
amended to require that potential effects from large ground-
water withdrawals be identified and addressed during the per-
mitting process. The legislation requires the New Hampshire
Department of Environmental Services (NHDES) to develop
procedures to insure that any new, large ground-water with-
drawal (awithdrawal that exceeds 57,600 gal/d over any
24-hour period) does not adversely affect existing ground-water
users or water resources. To accomplish this, hydrologic tools
are needed that can be used to assess regional hydrologic con-
ditions. Such tools would be useful to water-resources manag-
ersin administering New Hampshire regulatory programs asso-
ciated with source-water and drainage-basin protection.

Determination of ground-water-recharge values will aid
Federal, Stateand local officials, and privateinterestsin making
water-resource, regulatory, and management decisions. The
U.S. Geologica Survey (USGS), in cooperation with the
NHDES, has developed datasets, hydrologic statistical rela-
tions, and a geographic information system (GIS) of data cov-
erages for all of New Hampshire to better understand water
availability. Thisinformation provides abasis for sustainable
water management for the benefit of water users and the envi-
ronment.

Ground-water recharge is commonly defined as the vol-
ume of water reaching the saturated zone by downward infiltra-
tion of water, primarily from precipitation. For the purposes of
this study, ground-water recharge is the long-term average
observable recharge, which is defined as that part of recharge
that becomes observable as streamflow in a drainage basin.
Recharge flowing out of a drainage basin as ground water, or
that which islost to evapotranspiration, is considered unobserv-
able. Sources of ground-water recharge include rainfall, seep-
age from streams and |akes, percolation of applied irrigation
water, effluent from septic-tank drainage fields, |leakage from
water and sewer conduits, and wastewater discharged to the
ground surface. The amount of precipitation, which becomes
ground-water recharge under natural conditions, is affected by
many factorsincluding (1) texture and gradation of surface and
near-surface deposits and their vertical permeability; (2) nature
and water requirements of the vegetation; (3) frequency, inten-
sity, and volume of rainfall; (4) topography; and (5) temperature
(American Society of Civil Engineers, 1987). The amount of
ground-water recharge can be increased and ground-water flow
to surface-water bodies can be reduced asaresult of withdrawal
of ground water. In addition, the direction of ground-water flow
to asurface-water body can be reversed by nearby pumped
wellsthat can cause water to flow from surface-water bodiesto
aquifers.

Purpose and Scope

The purpose of this report is to present a method for the
generalized estimates of annual and seasona ground-water-
recharge rates in New Hampshire drainage basins. This report
describes (1) an indirect method, called the recession-curve-
displacement method, for determining a series of annual and
seasonal ground-water-recharge rates at 55 unregul ated stream-
gaging stationsin New Hampshire and in adjacent states; (2) the
relation of the series of annual and seasonal ground-water-
recharge values to the corresponding series of annual and sea-
sonal basin-centroid precipitation values for each drainage
basin through regression analyses; (3) the development of a set
of normalized annual and seasonal ground-water-recharge val-
ues corresponding to average annual and seasonal basin precip-
itation from 1961 to 1990; (4) the development of regression
equations to relate normalized ground-water recharge to basin
and climatic characteristics that can be used to determine
ground-water recharge in any basin in New Hampshire; and
(5) the spatia variation and uncertainty in the regression-
derived ground-water-recharge rates. Ground-water-recharge
rates developed in thisreport approximate the average recharge
rates for the period from 1961 to 1990.

Previous Studies

Previous studies used streamflow data to make estimates
of ground-water recharge rates. These include studiesin Mich-
igan (Holtschlag, 1997), Maine (Morrissey and others, 1988),
Nevada (Savard, 1998), Massachusetts (Bent, 1995 and 1998),
Tennessee (Hoos, 1990), and Valley and Ridge, Blue Ridge,
and Piedmont Physiographic Provinces of the eastern and
southeastern United States (Rutledge and Mesko, 1996).

Description of Study Area

New Hampshire encompasses an area of 8,973 mi? of
which 309 mi? is water (New Hampshire State Data Center,
2001) (fig. 1). The Stateisin the Seaboard L owland, New
England Upland, and White Mountain sections of the New
England Physiographic Province (Fenneman, 1938). The south-
eastern part of the State primarily is coastal plain, the central
region primarily islowland and foothills, and the northern part
primarily is mountainous. The elevation and amount of topo-
graphic relief gradually increase from south to north. Precipita-
tion ranges from an annual mean of about 35 in. in the Connect-
icut and Merrimack River valleysto about 90 in. on the summit
of Mt. Washington (Hammond, 1989). Typically, statewide, the
driest monthisFebruary. Thewettest monthsare November and
December in the area south of the White Mountains, and June,
July, and August in the area north of the White Mountains
(Hammond, 1989). Average runoff rangesfrom 18 in/yr in parts
of the Connecticut River Valley and seacoast area to about
42 inlyr in the White Mountains. Streamflow varies both sea-
sonally and geographically. High flows typically occur during
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Figure 1. Locations of streams, drainage basins, and stream-gaging stations in the study area that were used to
develop the equations for estimating ground-water-recharge statistics for New Hampshire. (For detailed information

on the stations, refer to table 1.)



4  Streamflow Data of Annual and Seasonal Ground-Water Recharge Rates for Drainage Basins in New Hampshire

March, April, and May and are caused by the melting snowpack
and concurrent precipitation (U.S. Geological Survey, 1990).
Snowfall ranges from about 50 in/yr along the coast to approx-
imately 100 in/yr in the White Mountains (Hammond, 1989).

New Hampshire isin the glaciated Appal achian ground-
water region (Billings, 1956). The bedrock consists of metased-
imentary rock in approximately two-thirds of the State and
intrusive rock in the other third (Billings, 1956). The two prin-
cipal types of aguifersin New Hampshire are stratified-glacial
drift and crystalline bedrock. Till is the most extensive glacial
deposit in New Hampshire and is either buried beneath strati-
fied-drift depositsin valleys or lowlands, or overliesbedrock in
upland areas (Flanagan and others, 1999). Other stratified-drift
depositsinclude marine clays and fine- and coarse-grained
sands aong the seacoast, outwash sands and gravels, and fine-
and coarse-grained glacial-lake deposits (Medalie and Maoore,
1995). Stratified-drift deposits are primarily in the valleys of
major streams. The lowlands and foothills region of New
Hampshire has thicker deposits of till on the slopes and more
prevalent and larger areal distributions of stratified drift along
streams than elsewhere in the state.

Soilsin New Hampshire are predominantly grouped into
two soil hydrologic classifications (U.S. Department of Agri-
culture' s State Soil Geographic (STATSGO) soils database,
1991; U.S. Geologica Survey, 1997; and Schwarz and Alex-
ander, 1995). These classifications include (1) soils with mod-
erate infiltration rates (deep and moderately deep soils, moder-
ately well and well-drained soils with moderately coarse
textures), and (2) soils with slow infiltration rates (soils with
layersimpeding downward flow of water or soils with moder-
ately fine textures). Soils with moderate infiltration rates occur
in areas of high slope, such asthe White Mountains, andin areas
of stratified-drift deposits. Soils with slow infiltration rates
occur in areas where glacial till is commonly found at the sur-
face. STATSGO soils classifications reflect properties of soils
that affect the residence time and amount of precipitation per-
colating into the soil surface (Flanagan and others, 1999).

Three general land-use categories are defined by the New
Hampshire Division of Forestsand Lands (1997). These catego-
ries are forest land, farm land, and other nonforest land. New
Hampshire is the second most forested state in the United
States, according to the New Hampshire Division of Forestsand
Lands (1997). Forest land is classified as either timberland or
noncommercial. Timberland is capable of producing timber
crops and is potentially available for harvesting. Noncommer-
cial forest land includes productive but reserved forest lands,
unproductive forests, and urban forests. In 1997, forest land
constituted 84 percent of land in New Hampshire, farm land
constituted 3 percent, and other nonforest land (including
urbanized and industrial areas) constituted 13 percent (New
Hampshire Division of Forests and Lands, 1997).

Database Development

Streamflow, precipitation, and basin-characteristics data
were compiled for this study from several sources. Streamflow
data were obtained from USGS stream-gaging stations to esti-
mate ground-water recharge. Precipitation data were obtained
from the National Climate Data Center (NCDC) digital-
precipitation database as compiled by Earthinfo, Inc. (2000) to
develop arelation with the ground-water recharge. The
2-kilometer grid Parameter-elevation Regression on Indepen-
dent SlopesModel (PRISM) precipitation datafor 1961-90 was
used to normalize ground-water recharge. The NCDC database
contains preci pitation-gage data beginning with the year 1949.
Basin-characteristics datawere measured within aGlSwith the
spatial analysis software ARC-INFO (Environmental Systems
Research Institute, Inc., 1994) using available and created data
layersto develop a generalized estimate of ground-water
recharge.

Streamflow Data

The USGS operates a network of stream-gaging stations
that provide continuous information on streamflow throughout
the United States. From active and discontinued stationsin New
Hampshire and adjacent states, 60 unregul ated stations were
initially chosen for this study and between 48 and 55 stations
were used in determining final annual and seasonal ground-
water-regression equations. The 55 stream-gaging stations that
were selected met the following criteria: (1) a minimum of
10 years of continuous record data from 1948 through 1998
(shorter records may not provide a sufficient sample of the tem-
poral variations in streamflow), (2) no effects of regulation,
diversion, or augmentation on streamflow, and (3) surface- and
ground-water dividesthat are thought to be approximately coin-
cident. For continuous-record stream-gaging stations on
streams with regulated and unregulated records, only the unreg-
ulated records were selected for determining annual and sea-
sonal ground-water-recharge characteristics. Daily mean flows
at the unregul ated stationswere used to determine ground-water
recharge.

The names and descriptions of the stream-gaging stations
areintable 1. Locations of the stations, streams, and associated
drainage basinsare shown onfigure 1. Thelocations of the New
Hampshire towns, associated drainage basins, and physio-
graphic provinces are shown on figure 2.

The seasonal periods for the ground-water-recharge statis-
tics were defined by the NHDES to manage surface-water sup-
pliesfor the following seasons: winter (January 1-March 15),
spring (March 16—May 31), summer (June 1—October 31), and
fall (November 1-December 31).
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Database Development 5

Descriptions of stream-gaging stations used to develop the regression equations for estimating ground-water recharge in
New Hampshire drainage basins.

[No., number; fig., figure; mi2, square miles]

Stream- Stream-
agin . aging station
Es’ta!:iog Stre:_:\m- Latitude Longitude Stre?m-gag_mg grgun!:i-water Drainage
refer- 9299 (decimal (decimal River name Location station period recharge area
ence station degrees) degrees) of record, period of (mi?)
No. No. year record,
(fig. 1) year
1 1052500 44.8778 71.0569 Diamond River Wentworth Location, N.H. 1941-present  1949-present 153
2 1054200 44.3908 70.9797 Wild River Gilead, Maine 1964-present  1964-present 69.9
3 1054300 445936 70.7336 EllisRiver South Andover, Maine 1963-82 1963-82 130
4 1055000 44.6422 70.5881 Swift River Near Roxbury, Maine 1929-present  1949-present 96.8
5 1057000 44.3033 70.5394 Little Androscoggin River Near South Paris, Maine  1913-24, 1949-present 74.1
1931-present
6 1064300 442200 71.2500 EllisRiver Near Jackson, N.H. 1963-present  1963-present 10.5
7 1064400 44.0694 71.1750 Lucy Brook Near North Conway, N.H. 1964-92 1964-92 4.68
8 1064500 43.9908 71.0914 Saco River Near Conway, N.H. 1903-12, 1949-present 385
1929-present
9 1072850 432631 71.0972 Mohawk River Center Strafford, N.H. 1964-77, 1964-77 7.47
10 1073000 43.1486 70.9656 Oyster River Durham, N.H. 1934-present  1949-present 12.2
11 1073600 429936 71.0233 Dudley Brook Exeter, N.H. 1962-85 1962-1985 5.85
12 1075000 43.9761 71.6800 Pemigewasset River Woodstock, N.H. 1940-77 1949-1977 195
13 1075800 43.8367 71.8853 StevensBrook Wentworth, N.H. 1963-98 1963-1998 329
14 1076000 43.7961 71.8450 Baker River Rumney, N.H. 1929-75 1949-75 143
15 1076500 43.7592 71.6861 Pemigewasset River Plymouth, N.H. 1903-present  1949-present 623
16 1078000 43.5675 71.7483 Smith River Near Bristol, N.H. 1918-present  1949-present 86.0
17 1082000 42.8625 71.9597 Contoocook River Peterborough, N.H. 1945-77 1949-77 67.0
18 1084500 43.1142 71.9267 BeardsBrook Hillsboro, N.H. 1945-70 1949-70 55.3
19 1085800 43.2592 72.0264 West Branch Warner River Near Bradford, N.H. 1962-present  1962-present 591
20 1086000 432517 71.7317 Warner River Davisville, N.H. 1940-78 1949-78 146
21 1089000 432394 71.4622 Soucook River Near Concord, N.H. 1952-87, 1952-87, 77.8
1988-present  1988-present
22 1091000 43.0136 71.6419 South Branch Piscataguog Near Goffstown, N.H. 1940-78 1949-78 103
River
23 1093800 42.8600 71.8333 Stony Brook Tributary Near Temple, N.H. 1964-present  1964-present 3.62
24 10965852 42.7831 71.3539 Beaver Brook North Pelham, N.H. 1986-present  1986-present 47.8
25 1097300 425108 71.4069 NashobaBrook Near Acton, Mass. 1963-present  1963-present 12.8
26 1101000 427528 70.9461 Parker River Byfield, Mass. 1945-present  1949-present 21.2
27 1127880 451350 71.2064 Big Brook Pittsburg, N.H. 1965-83 1965-83 6.50
28 1129440 44.8744 714106 Mohawk River Near Colebrook, N.H. 1986-present  1986-present 353
29 1130000 44.6250 71.4694 Upper Ammonoosuc River Near Groveton, N.H. 1940-80, 1949-80, 230
1982-present  1982-present
30 1133000 44.6339 71.8981 East Branch Passumpsic  East Haven, V1. 1939-45, 1949-79 51.3

1948-79
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Table 1.

Descriptions of stream-gaging stations used to develop the regression equations for estimating ground-water recharge in
New Hampshire drainage basins.—Continued

[No., number; fig., figure; mi2, square miles]

Stream-

gaging Stream-

Stream-gaging

Stream-
gaging station

station . Latitude Longitude . g ground-water Drainage
refer-  929!N9 (decimal (decimal River name Location station period recharge area
ence station degrees) degrees) of record, period of (mi?)
No. No. year record,
(fig. 1) year
31 1134500 44.5117 71.8369 Moose River Victory, Vt. 1947-present  1949-present 75.2
32 1134800 44.4419 71.8792 Kirby Brook Concord, Vt. 1963-74 1963-74 8.13
33 1135000 44.4228 72.0006 Moose River St. Johnsbury, Vt. 1928-83 1949-83 129
34 1135300 44.4344 72.0394 SleepersRiver (W-5) St. Johnsbury, Vt. 1989-present  1989-present 425
35 1137500 44.2689 71.6311 Ammonoosuc River Bethlehem Junction, N.H.  1939-present  1949-present 88.2
36 1138000 44.1539 71.9861 Ammonoosuc River Bath, N.H. 1935-80 1949-80 396
37 1139000 44.1508 72.0653 WellsRiver Wells River, Vt. 1940-present  1949-present 98.7
38 1139800 44.0928 72.3361 East Orange Branch East Orange, Vt. 1958-present  1958-present 8.79
39 1141800 437022 72.1875 Mink Brook Etna, N.H. 1962-98 1962-98 4.75
40 1142500 43.9344 72.6583 AyersBrook Randolph, Vt. 1939-75, 1949-75, 305
1976-present  1976-present
41 1144000 43.7142 72.4186 White River West Hartford, Vt. 1915-present  1949-present 689
42 1145000 43.6500 72.0806 Mascoma River West Canaan, N.H. 1939-78 1949-78 80.4
43 1150800 43.6733 72.8092 Kent Brook Sherburne, Vt. 1964-74 1964-74 3.26
44 1150900 43.6222 72.7594 Ottauquechee River West Bridgewater, Vt. 1984-present  1984-present 233
45 1153500 43.2086 72.5181 WilliamsRiver Brockways Mills, Vt. 1940-84 1949-84 102
46 1154000 43.1372 724881 SaxtonsRiver Saxtons River, Vt. 1940-82 1949-82 721
47 1155000 43.1317 72.3897 Cold River Drewsville, N.H. 1940-78 1949-78 83.3
48 1155200 42.9992 72.5331 Sacketts Brook Putney, Vt. 1963-74 1963-74 10.15
49 1155300 43.2364 72.8564 Flood Brook Londonderry, Vt. 1963-74 1963-74 9.28
50 1155500 43.1089 72.7758 West River Jamaica, V1. 1946-60 1949-60 177
51 1156000 42.9958 72.6389 West River Newfane, V1. 1919-23, 1949-60 306
1928-60
52 1158500 42.9653 72.2333 Otter Brook Keene, N.H. 1924-58 1949-58 419
53 1162500 42.6825 72.1156 Priest Brook Winchendon, Mass. 1963-present  1963-present 19.0
54 1165500 42.6028 72.3600 MossBrook Wendell Depot, Mass. 1909-10, 1949-82 12.2
1916-82
55 1167800 42.8606 72.8511 Beaver Brook Wilmington, Vt. 1963-77 1963-77 6.36
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Figure 2.
(For detailed information on the stations, refer to table 1.)

Locations of drainage basins, associated towns, and physiographic provinces in the study area.
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Precipitation Data

The range of the digital NCDC precipitation data for
development of the 275 (55 unregulated stations with 4 seasons
and 1 annual period) annual and seasonal basin-specific regres-
sion equations was from 1949 to 1998. Between 48 and 55 sta-
tionswere used in the devel opment of the final regression equa-
tions because 10 years of seasonal or annua streamflow and
ground-water-recharge datawere not avail able at some stations
after 1949.

Drainage-basin-centroid precipitation was estimated from
aweighted average of nearby NCDC precipitation-gage data.
When seasonal or annual data for a nearby precipitation gage
were not complete, the next nearest preci pitation gage was used
in conjunction with other nearby precipitation gages to deter-
mine the drainage-basin-centroid precipitation for that particu-
lar year or season.

For consistency among stations that have operated during
different periods of time, the annual and seasonal ground-water-
recharge values were normalized by substituting the average
annual and seasonal (respectively) basin-centroid values of pre-
cipitation, as determined from the PRISM (Daly, 2000) data
from 1961 to 1990, into each of the annual and seasonal basin-
recharge equations for the NCDC basin-centroid-determined
precipitation dependent variables. PRISM data were derived
from data collected at National Oceanic and Atmospheric
Administration (NOAA), SNOwpack TEL emetry (SNOTEL),
and State collection sites. NCDC data were derived from
National Weather Service (NWS) precipitation-gage data.

Basin-Characteristics Data

The values of 93 physical and climatic (annual and sea-
sonal) candidate explanatory variables (independent variables)
were determined for each drainage basin upstream of the 55
unregul ated stream-gaging stations (Appendix 1). The values of
the measured drainage-basin characteristics used in the regres-
sion analyses for each of the stream-gaging stations are pro-
vided in table 2. All of the basin characteristics were measured
within a GIS (Environmental Systems Research Institute, Inc.,
1994) using available and created data layers. The digital data
layersinclude, but are not limited to, (1) subwatersheds at
1:24000 scale delineated by the Natural Resources Conserva-
tion Service (NRCS) and identified by 12-digit Hydrologic Unit
Codes (HUCS), (2) centerline hydrography for New Hampshire
at 1:24000 and 1:25000 scale devel oped by Complex Systems
Research Center (CSRC) at the University of New Hampshire
(UNH) (Complex Systems Research Center, unpublished digi-
tized data, 2000), and (3) USGS Digital Elevation Models
(DEMS) at 1:24000 scale.

Some of the basin characteristicstested for inclusionin the
regression equations (Appendix 1) were obtained with the
drainage-basin-characteristics determination program Basin-
Soft (Harvey and Eash, 1995). The basin characteristics deter-
mined with BasinSoft were basin length, basin perimeter, basin

relief, basin azimuth, effective basin width, shape factor, com-
pactness ratio, relative relief, main channel length, main chan-
nel slope, main channel sinuosity ratio, main channel slope pro-
portion, stream density, ruggedness number, and slope ratio.

Precipitation, temperature, and snowcover data were
acquired from PRISM datasets (Daly, 2000). PRISM is an ana-
Iytical tool that uses point data, DEMs, and other spatial
datasets to generate gridded estimates of annual, monthly, and
event-based climatic parameters such as precipitation (Daly,
2000). The PRISM data contain polygon coverages of average
monthly and annual climatological datafor 1961—90. PRISM-
derived raster data are the underlying datasets from which the
polygons and vectors for the data layers were created. The
PRISM data incorporate topographic effects on precipitation
and include coastal and lake effects on precipitation.

The percent of the drainage basin that is coniferous or
mixed coniferous and deciduous forest was acquired from the
National Land Cover Dataset (NLCD) (Vogelman and others,
2001). The NLCD was compiled from LANDSAT satellite
Thematic Mapper imagery (circa1992) with aspatial resolution
of 30 metersand supplemented by various ancillary data, where
available. The NLCD classification contains 21 land-cover cat-
egories with a spatial resolution of 30 meters. The NLCD was
produced as a cooperative effort between the USGS and the
U.S. Environmental Protection Agency (USEPA) to produce a
consistent, land cover layer for the conterminous United States
(U.S. Geological Survey, 2000).

Methods of Analysis

The generalized estimating equations developed for
annual and seasonal ground-water recharge were based on mul-
tiple-linear-regression analysis using records from between 48
and 55 continuous-record stream-gaging stations. Multiple lin-
ear regression isa method of demonstrating that a response
(dependent) variable, Y, varies with a set of independent vari-
ables, X;—X;,. The variability, which the response variable
exhibits, hastwo components—a systematic and arandom part.
The systematic variation of Y can be modeled as a function of
the X variables. The random part accounts for the model not
exactly describing the behavior of the response variable. A
least-squares method is used to estimate the parameters of the
model, based on observed values of these variables, by mini-
mizing the sum of squared differences between the actual Y val-
ues and the values of Y predicted by the regression eguation
(Freund and Littell, 2000).

In multiple linear-regression analysis, one or more inde-
pendent variables(climatic or physical basin characteristics) are
statistically related to the dependent variable (ground-water
recharge) for agroup of stream-gaging stations. The results for
this study are annual and seasonal equations for estimating
ground-water recharge for ungaged drainage basins. The
regression equations take the following form:
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Table 2. Basin characteristics for stream-gaging stations used in the ground-water recharge regression-analysis equations for
New Hampshire drainage basins.

[No., number; fig., figure; in., inches; NLCD, National Land Cover Dataset; ° F, degrees Fahrenheit]

Basin characteristics

Average Average
Stream- annual Average minimum Average Average Average Average Percent  Average
gaging basin- Per(_:ent annual winter spring annual | Summer o anannual m_lxed fall bas!n-
; Stream- . fer- age . age age . coniferous  centroid
station gaging centroid com gag . basin gag . gag y basin p L
refer- ! . ous precipi precipi precipi an precipi
ence  Station  PreCPyion)  iation temper eation  °'®'  tation °™PM®  yociduous  tation
o No  tation n)  fwre gy M ) A (NLCD) (in)
. (in.) (°F)
(fig. 1)
Basin characteristic abbreviations
ACP C AGP WBT SpGP ASC SGP ABT CD FCP
1 1052500 48.1 20.0 38.2 2.88 7.48 158 17.9 37.0 30.2 8.46
2 1054200 49.7 315 451 8.69 9.09 120 19.9 40.7 30.5 9.49
3 1054300 39.1 229 43.0 6.73 8.72 121 17.7 40.0 26.9 7.76
4 1055000 436 36.6 42.8 5.69 8.70 145 18.1 38.9 135 8.23
5 1057000 43.7 171 4.1 9.78 9.13 79.4 18.3 42.6 22.3 8.70
6 1064300 75.9 56.2 52.3 6.48 10.6 219 22.4 36.8 20.7 15.2
7 1064400 54.6 452 499 9.18 10.3 114 20.3 417 36.5 10.7
8 1064500 50.2 311 47.0 8.69 9.86 125 191 40.5 340 9.8
9 1072850 47.1 191 44.8 14.9 9.63 79.5 17.9 454 46.1 9.72
10 1073000 43.2 17.7 42.6 16.5 9.21 60.1 16.9 46.8 332 8.90
11 1073600 4.1 20.6 44.3 171 9.39 61.1 174 46.9 20.3 8.94
12 1075000 50.4 40.7 47.5 9.78 9.80 147 19.6 40.3 329 9.13
13 1075800 411 30.7 410 11.2 8.44 89.6 17.8 429 41.0 7.64
14 1076000 374 13.8 43.1 11.2 9.02 89.8 18.2 42.5 36.3 6.57
15 1076500 48.6 25.7 41.0 10.6 8.50 117 174 417 35.9 9.65
16 1078000 44.3 239 44.0 10.8 9.19 92.3 184 43.1 30.9 8.31
17 1082000 44.2 22.6 441 14.6 9.25 75.1 181 444 28.2 8.11
18 1084500 46.6 21.3 43.3 154 9.27 85.6 17.5 451 26.3 9.13
19 1085800 453 7.18 44.3 14.2 9.51 88.2 18.3 44.6 10.7 8.31
20 1086000 44.7 225 409 13.6 8.60 85.8 17.0 44.4 29.8 8.62
21 1089000 38.6 174 38.0 13.2 7.83 75.3 16.5 44.5 29.7 7.13
22 1091000 43.4 26.7 41.7 14.4 8.72 76.8 17.0 44.8 26.6 8.39
23 1093800 48.4 13.2 46.9 153 9.92 79.8 18.9 44.6 27.2 9.25
24 10965852 43.2 104 43.4 16.0 9.07 64.8 174 46.8 12.9 8.39
25 1097300 44.2 5.19 44.6 18.6 9.37 55.0 17.6 48.3 19.2 8.62
26 1101000 45.0 3.07 45.8 19.9 9.69 545 17.6 48.7 145 9.09
27 1127880 49.0 9.30 46.9 0.8 8.82 186 231 36.1 33.9 8.58
28 1129440 454 18.7 43.2 431 8.23 110 211 37.8 34.1 7.95
29 1130000 39.9 20.6 39.7 7.14 7.68 131 191 40.0 315 7.09

30 1133000 42.4 121 43.2 529 8.13 124 20.9 39.2 27.1 7.44



10  Streamflow Data of Annual and Seasonal Ground-Water Recharge Rates for Drainage Basins in New Hampshire

Table 2. Basin characteristics for stream-gaging stations used in the ground-water recharge regression-analysis equations for
New Hampshire drainage basins.—Continued

[No., number; fig., figure; in., inches; NLCD, National Land Cover Dataset; ° F, degrees Fahrenheit]

Basin characteristics

Stream- g‘::::gr Average I::’Iﬁ:g; Aver_age Average Average Average Pe_rcent Averag_e
gaging basin- Per(_:ent annual winter spring annual  SUmmer o nannual m_lxed fall bas!n-
- Stream-
station € centroid conifer- gage basin gage Je basin coniferous centroid
refer- 939N . ous precipi- precipi- precipi- and precipi-
once | Station PP uien) Cotion TP eation ST tation PO yociduous tation
o MNo. tation n) e gy M ) th (NLCD) (in)
. (in.) (°F)
(fig. 1)
Basin characteristic abbreviations
ACP C AGP WBT SpGP ASC SGP ABT CD FCP
31 1134500 44.8 14.3 42.2 7.59 8.07 121 20.2 40.1 251 7.99
32 1134800 42.1 20.9 38.9 8.03 7.38 95.8 18.8 41.3 36.2 7.4
33 1135000 41.9 151 38.2 7.88 7.34 108 18.2 408 30.6 7.36
34 1135300 409 151 38.3 7.95 7.40 111 18.3 40.0 325 7.36
35 1137500 56.4 37.1 41.9 8.75 8.09 175 19.8 39.3 29.1 10.8
36 1138000 39.9 241 36.1 9.63 6.93 118 174 41.4 37.9 7.05
37 1139000 38.1 13.0 35.8 7.82 6.83 92.1 174 41.0 29.8 6.81
38 1139800 41.8 5.76 41.5 6.4 831 101 19.7 40.6 26.1 7.32
39 1141800 41.3 19.1 40.8 11.0 8.33 79.3 184 433 18.0 7.09
40 1142500 40.0 9.97 38.9 9.64 8.11 92.3 17.0 41.9 251 7.28
41 1144000 39.6 139 37.7 8.39 7.81 97.73 16.7 42.0 231 7.28
42 1145000 405 24.0 39.1 111 8.19 83.4 17.6 42.9 26.1 7.17
43 1150800 54.9 12.9 50.3 9.0 10.5 133 228 415 9.05 9.53
44 1150900 51.2 13.7 493 82 10.8 127 21.0 41.3 6.21 8.98
45 1153500 437 17.3 41.1 10.2 8.70 90.6 175 43.0 21.2 7.76
46 1154000 453 20.0 42.1 105 8.94 95.0 17.9 42.6 23.7 8.03
47 1155000 39.9 24.0 38.8 138 8.29 77.0 16.8 44.5 26.9 6.85
48 1155200 436 117 40.7 118 8.70 81.6 174 439 16.0 7.76
49 1155300 51.0 17.6 47.2 10.5 9.98 116 20.2 42.1 132 8.90
50 1155500 46.6 211 445 10.0 9.43 107 191 41.7 16.8 8.19
51 1156000 455 20.8 425 10.23 9.13 104 17.9 41.7 18.1 7.95
52 1158500 437 18.6 405 132 8.76 82.3 17.6 439 21.3 7.60
53 1162500 429 222 420 12.7 8.86 70.0 17.7 44.1 30.2 7.72
54 1165500 427 39.9 431 133 9.17 62.1 18.2 44.8 277 7.52
55 1167800 53.2 20.9 53.1 12.2 115 103 21.8 426 20.1 9.84
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is the normalized ground-water
recharge for basin g during season s,
where srepresents the annual, spring,

summer, fal, or winter seasons,
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bo,s t0 by are the estimated regression-model
coefficients,
and
€y(s) isthe residual error or difference

between the measured and the esti-
mated value of normalized recharge
for basin gin season s.

Assumptions for use of the regression analysis are that the

(1) regression equation describes the relation between the
dependent and independent variables, (2) mean of the residual
error is zero, (3) variance of the residual error is constant and
independent of the values of X,,, (4) residual errorsare normally
distributed, and (5) residua errors are independent of one
another (Helsel and Hirsch, 2000).

Ordinary-Least-Squares Regression Equations

Final parameter estimates for the annual and seasonal
ground-water recharge regression eguations were devel oped
using GL Sregression. OL Swas necessary for the efficient eval-
uation of the many possible alternative regression equations.
Diagnostic checks were done to test for model adequacy and
violations of the assumptions for regression analysis. In addi-
tion, plots were made of

a.  Predicted valuesinrelationto theresidualsto determineif
there were any trendsin the data,

b. Studentized (standardized) residualsinrelation to
observation number (stream-gaging station reference
number) to determine if there were any unusually large
residuals, and

c. Studentized residualsin relation to normal quantileto
determine if the residuals were normally distributed. The
normal quantileis the expected quantile if the residuals
are normally distributed.

Generalized-Least-Squares Regression Equations

Generalized-L east-Squares (GL S) regression analysiswas
used to develop the final equations for annual and seasonal
ground-water-recharge rates by use of the computer program
Generalized-L east-Squares NETwork (GLSNET) (Tasker and
Stedinger, 1989). GL S-regression analysis accounts for the dif-
ferencesin the variances of the basin-specific recharge esti-

Methods of Analysis 11

mates, as well as for the cross-correlation of concurrent basin-
specific recharge estimates with other stations. According to
Tasker and Stedinger (1989), GL Sanalysisismore appropriate,
and provides better resultsin hydrologic regressions, than OLS-
regression analysis when the streamflow records at stations are
of varying lengths and when concurrent flows at different sta-
tionsare correlated. Tasker and Stedinger (1989) demonstrated
that GL S analysis generally provides the most accurate results
for hydrologic regressions as streamflow data are correlated
spatially and in time. Weighted-least-squares (WL S) can com-
pensatefor differencesin record length, but, unlike GL'S, it does
not compensate for cross-correlation among the stream-gaging
stationsused inthe analysis. Theweight givento each stationiin
aGLSanalysisis adjusted to compensate for differencesin
record length among the stations and for spatial correlation.
GL S givesless weight to stations with short periods of record
and to those stations with concurrent flows that are correlated
with other sites. Model precision increases for models with
decreasing standard error of estimate and increasing cross-
correlation when GL S regression methods are used instead of
WLS regression methods (Stedinger and Tasker, 1985).
Covariance matrices and standard errors were determined
using OL S regression analysis. Concurrent record lengths for
every pair of stations were determined from GLSNET output
determined for areport detailing a stream-gaging network anal-
ysisfor New Hampshire (Flynn, 2003) using the same stream-
gaging stations that were used in this study. GLSNET output
includes a concurrent record-length matrix, which was altered
to begin in 1949. The standard errors and covariance matrices
asdetermined in OLS were used to estimate the variance of pre-
diction for the normalized recharge at each station. These esti-
mates of variance of prediction were used in the GLS regional
equation to weight the observations of normalized recharge.
The residuals and concurrent record lengths for every pair of
stations from 1949 through the last year of record (1998) were
determined and applied to come up with an average cross-
correlation to compute the sample covariance of the normalized
recharges between sites for the GL S weighting matrix.

Regional Regression for Normalized Annual and
Seasonal Recharge Using Generalized-Least-Squares
Regression

A regional regression model is used to estimate normal-
ized recharge as a function of average precipitation and basin
(land use) characteristics. A linear model isassumed having the
form

v=AXB+e, )
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where

vy  isa(Nx 1) column vector of normal-
ized annual or seasonal recharge

values,
X isa(N x p) matrix of known basin

characteristics augmented by a

column of 1's,
B isa(p x 1) column vector of

unknown regression coefficientsto

be estimated,
and
£ isa(N x 1) column vector of errors

with E[£]=0 and E[ e¢']=Iy2.

The scalar value ;/2 is called the model -error variance, and N is
the number of stream-gaging stations in the region.

The operational problem with this model is that the aver-
age normalized recharge, v, from streamflow records must be
estimated from available streamflow records that may be rela
tively short at some sites. At agiven site, i isestimated by an
at-site regression of recharge, z;, at sitei in year j against pre-
cipitation w;;. Each at-site regression isfit by OLS and has the
form

Zy = aptagwy (©)
with standard error of estimate s%. The estimate of normalized
recharge for along representative period at sitei, y;, is

Yi = aptagw;, 4)
where
Wi is mean annual precipitation for a
long representative base period at
sitei.

The discharge record length at sitei is denoted as n; such that

S8, = X (w;=,)" (5)
j=1
where
wij  isthemean of the n; observed annual
precipitation values,
and

SSw isthe total sum of squared deviations

from the mean.

The standard error of y; is

The resulting estimate of v, therefore, has arandom-error com-
ponent such that

V=y-n, ©)
where
n,  isarandom error with E[n;]=0 and
_ Var[n]=§?,
That is

Yi is an unbiased estimate of i with a
sampling error that isafunction of s
and n;.

Substituting equation 6 into equation 1, in matrix notation the
regional regression model is

y=Xp+e+n, ()

with E[e +1]=0and E[(¢ +n) (¢ +n) ']=A . The covariance
matrix of errors, A , is

A =y21+2, 8

in which the (N x N) matrix X has elements of

2
T = _ S for L =7 9)
Y p(y;yj)SiS/ 1#] ,

where

iandj are index rows and columns of the

matrix,

and

p(yiy;)  isthecorrelation between estimates

of mean annual recharge at sitesi

andj.
A regression model with this error structure was considered by
Stedinger and Tasker (1985, 1986) in developing an estimated
generalized-least squares (EGLS) analysis for regional hydro-
logic regression. The analysis potentially provides for more
accurate estimates of regression coefficients when compared to
OL Sanalysiswhen sites have different record lengths, given an
unbiased model-error estimator and a better description of the
relation between hydrologic data and information for hydro-
logic network analysis and design (Tasker and Stedinger, 1989;
and Moss and Tasker, 1991).

The GLS analysis for regional regression of normalized
recharge generally proceeds as follows: The X matrix is esti-
mated by entering the §’sfrom the N at site regressions and
using the relation between cross-correlation coefficients from
mean annual values and annua values

m ..

/nn;

, (10)
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where
m; is the concurrent record length
betweeni and |,
and
Pij is the correlation between concurrent

annual or seasonal recharge values at
the pair of sites.

The value of p;; used to compute p(y;,y;) in equation 10 was
estimated as 0.25 from sample estimates at every pair of sites
with at least 20 years of concurrent record. Oncethe X matrix is
filled out from the sample data, the EGL S regression estimators
of the model parameters, B, are determined by solving

1

WATXIB = XAy, (12)
with model-error variance y 2 determined so that
(—XBYA T (y=XB) = N-p. (12)

Estimates of Annual and Seasonal Ground-
Water-Recharge Rates

For this study, recession-curve displacement was chosen
as the method for determining ground-water recharge. The use
of recession-curve displacement for determining ground-water-
recharge rates provides a spatial, as well astemporal, average
for aparticular basin for a particular period of time. When
recessi on-curve-displacement methods are applied to morethan
one stream-gaging station, and if the stations have different
lengths of record, then the resulting set of recharge rateswould
be inconsistent because of temporal variationsin recharge. A
common period of data collection for average precipitation was
used to adjust the set of recharge rates to eliminate temporal
variation. Annual and seasonal regression equations were
devel oped to describe the spatial variation of recharge rates for
al of the drainage basinsin New Hampshire.

Annual and seasonal basin-specific estimates of ground-
water recharge were determined using the recession-curve-
displacement computer program RORA (Rutledge, 1998).
RORA estimates the mean rate of ground-water rechargein a
basin from an analysis of the streamflow record. Although at
many stations, streamflow records were considerably longer;
the length of record for the basin specific estimation of ground-
water recharge determined in this study ranged from 10 to
50 years. Thelength of station records used to determine annual
and seasonal ground-water-recharge rates was dictated by the
length of record of the digital NCDC precipitation-gage data.
This was a consegquence of regressing basin-centroid precipita-
tion values as determined from the NCDC gage data against the
ground-water-recharge values to determine basin-specific esti-
mates of ground-water-rechargerate. The digital NCDC precip-
itation-gage data were available from 1949 through 1998.

Estimation of Ground-Water-Recharge Rates from
Stream-Gaging Station Data

The estimation of ground-water recharge from streamflow
isaprocessinfluenced by many contributing factors such asthe
variable geology and hydraulic properties of the stream channel
sediments, the non-steady state of the streamflow, the duration
of the streamflow, the changing channel cross section, infiltra-
tion differences due to changing hydraulic head during stream-
flow, and antecedent moisture conditions of the streambed sed-
iments (Savard, 1998).

Streamflow datawereinitially analyzed by use of the com-
puter program RECESS (Rutledge, 1993) to compute a reces-
sion index of streamflow at times when all flow is assumed to
be ground-water discharge and when the ground-water head
distribution is nearly constant. RECESS uses a repetitive inter-
active procedure for selecting several periods of continuous
recession, determines abest-fit equation for therate of recession
asafunction of flow for the selected periods, and then usesthis
equation to derive a master recession curve that describes the
average flow-recession characteristic with time (Rutledge,
1993).

Once the recession characteristics were defined, stream-
flow data were analyzed using recessi on-curve-displacement
methods (Rutledge, 1998) to determine the average annual and
seasonal ground-water-recharge component throughout the
length of record. RORA (Rutledge, 1998) was used to estimate
the ground-water recharge in a basin from an analysis of the
streamflow record. The program is acomputerized version of a
method of measuring the displacement of the streamflow-reces-
sion curve resulting from each recharge event, also known as
the Rorabaugh method (Rorabaugh, 1964). The Rorabaugh
method is based on the measurement of the change in the total
potential ground-water discharge as estimated at critical time
after the peak by extrapolation from the pre-peak and post-peak
recession periods. The method yields an estimate of the mean
rate of ground-water recharge through the analysis of along
period of record (Rutledge, 1993). Recharge rates, as deter-
mined by the Rorabaugh method, are representative of an aver-
age of therates for relatively large geographic areas; however,
within these geographic areas there may be places where the
rechargerateis greater or lessthan the average rate determined.

Although considerable uncertainty isinherent in the reces-
sion index, the analysis of streamflow data used in the AP-
RASA (Appaachian and Piedmont physiographic provinces
Regional Aquifer-System Analysis) project (Swain and others,
1991; Rutledge and Mesko, 1996) indicated the estimate of
recharge is not particularly sensitive to the index as derived
from the program RECESS (A.T. Rutledge, U.S. Geological
Survey, written commun., 2000). The median recession index
for each station from periods of continuous recession were esti-
mated, in this study, using RECESS. RORA was then used to
estimate recharge by designating the median recession index as
input to that program. Most of the values of the recession index
inthe AP-RASA study were between 50 and 120 days. The sen-
sitivity test demonstrated that if the recession index was
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decreased by 50 percent, the recharge estimate would increase
by 4—9 percent. When the recession index was increased by
50 percent, the recharge estimate decreased by 2—4 percent. In
arandom sampling of annual and seasonal periods for the 55
stream-gaging stations used in this study, the estimate of
recharge was not sensitive to the recession index derived from
the program RECESS.

RORA-derived recharge values indicate that seasonal
recharge can be positive or negative. Negative recharge indi-
cates regional evapotranspiration from the water table (Barlow
and Moench, 1998). If the water table is shallow, negative
recharge values may be obtained locally because exfiltration is
the dominant mode of water transfer (Simmers, 1988). The box-
plotsin figures 3 through 7 (back of report) show the variation
in the RORA-determined annual and seasonal ground-water
recharge for each of the stream-gaging stations used in the anal-
ysis. Variations in the ground-water recharge between stations
isaresult of spatial and temporal differencesin climatic char-
acteristics and spatia differencesin the basin characteristics.

The RORA method isintended for the analysis of a
ground-water-flow system that is characterized by diffuse ared
recharge to the water table and ground-water dischargeto a
stream (Rutledge, 2000). The method is appropriate for the
determination of ground-water recharge when most or al of the
ground water in the basin dischargesto astream and if astream-
gaging station at the downstream end of the basin measures al
or most of this outflow (Rutledge, 2000). The Rorabaugh
method is based on an ideal flow system in which the aquifer
has uniform thickness, hydraulic conductivity, and storage
coefficient and the stream fully penetrates the aquifer. In addi-
tion, theinitial condition set by Rorabaugh (1964) is that the
hydraulic head everywhere in the aquifer is the same as the
stage of the stream. Recharge is considered to be an instanta-
neousincreasein the hydraulic head applied uniformly through-
out the aquifer while the stream stage remains unchanged
(Rutledge, 2000). In the Rorabaugh method, the ground-water
and surface-water divides are considered to be coincident.

Because RORA is based on the assumption that the entire
ground-water-discharge hydrograph is described by Rora-
baugh’ s instantaneous-recharge model, the program does not
explicitly allow for the effects of ground-water evapotranspira-
tion (Rutledge, 2000). To minimize errors resulting from
ground-water evapotranspiration, the recession index at each
station was determined by extracting only those periods of con-
tinuous recession for the 6 months of October through March
(Rutledge, 1997) when evapotranspiration is lowest.

Normalization of Ground-Water-Recharge Rates
Using Precipitation Data

A point coverage of precipitation gage locations was gen-
erated for New Hampshire, Maine, Vermont, and Massachu-
setts with the GIS spatial analysis software ARC-INFO (Envi-
ronmental Systems Research Ingtitute, Inc., 1994) and the
annual and seasonal NCDC precipitation datawere added to the

point coverage. Using these data, average annual and seasonal
precipitation values were then determined at each of the drain-
age-basin centroid and stream-gaging stations for each year of
record beginning in 1949, the year in which the NCDC digital
data begins. An area/distance weighting methodology called
“Natural Neighbor” in ARC-INFO 8.1 (Environmental Systems
Research Ingtitute, Inc., 1994) was used to interpolate annual
and seasonal precipitation for each year of record at each of the
drainage-basin centroids and stream-gaging stations based on
the NCDC digital precipitation database TD-3240 file. Similar
to Inverse Distance Weighting (IDW), this interpolation
method is aweighted-average interpolation method. Instead of
finding avalue of an interpolated point using all of the input
points weighted by their distance, “Natural Neighbors® interpo-
lation creates a Delauney triangulation of the input points and
selects the closest hodes that form a convex hull around the
interpolation point, then weights their values by proportionate
area. Delauney triangulation isaproximal method that satisfies
the requirement that a circle drawn through the three nodes of a
triangle will contain no other points. In other words, all sample
points are connected with their two nearest neighborsto form
triangles (Environmental Systems Research Institute, Inc.,
1994). This method is a genera -purpose interpol ation method
that does not require parameters such as radius, number of
neighbors, or weights to be specified (Environmental Systems
Research Ingtitute, Inc., 1994), but is based on the geometry of
the network.

Annual and seasonal ground-water recharge varies among
drainage basins because of temporal and spatial variation in
basin and climatic characteristics (such as annual and seasonal
precipitation that is the source of ground-water recharge). An
estimate of long-term average annual and seasonal ground-
water recharge can be made using recession-curve-displace-
ment methods; however, this estimate is not consistent among
stream-gaging stations that have operated during different peri-
ods. To ensure a consistent recharge estimate among sel ected
recharge basins, each annual and seasonal RORA -determined
ground-water-recharge value was related to each area/distance-
weighted NCDC annual and seasonal basin-centroid precipita
tion (respectively, for each basin) value by a set of basin-spe-
cific regression egquations. The 275 annua and seasonal drain-
age-basin-specific regression equations were devel oped by use
of the SAS program, version 8.1 (SAS Institute, Inc., 1994)
using OL S regression analysis. The general form of the basin-
specific regression equationsis

dets) = Bogtsy ¥ Bigis) Pats) ¥ €is (13)
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where

isthe Rorabaugh-method-determined
ground-water recharge for basin g
during season s, where s represents
the annual, spring, summer, fal, or

winter seasons;

is the precipitation at the basin cen-
troid in basin g during season s;
are aset of OLS regression coeffi-
cientsfor basin g during season s;

qg(s)

Pg(s)
Bo,g(s) and B1,9(s)

and
isthe residual error between the

Rorabaugh-method-determined value
and the estimated value of ground-
water recharge for basin g during
season s.

eg(s)

A recharge estimate and the statistical significance of the
annual and seasonal regression equationsrelating ground-water
recharge and area/distance-weighted NCDC drainage-basin-
centroid precipitation for each stream-gaging station was deter-
mined. Only coefficients significant at the 5-percent level were
maintained in the equations. In some instances, the basin
recharge rate was based only on the RORA -determined ground-
water-recharge rate as the area/distance-weighted NCDC basin-
centroid precipitation was not statistically significant.

To help determinethe spatial distribution of recharge, tem-
poral variations in recharge were removed by normalizing the
estimates of ground-water recharge. For consistency among sta-
tions that have operated during different periods, annual and
seasona hormalized ground-water recharge was determined by
substituting the average annual and seasonal basin-centroid val-
ues of precipitation, as determined from 2-kilometer-grid
PRISM precipitation data for 1961—90 (Daly, 2000), into each
of the annual and seasonal (respectively) basin-recharge equa-
tions for the area/distance-weighted NCDC basin-centroid-
determined precipitation values.

The set of annual and seasonal basin-specific regression
equations that relate the RORA-determined ground-water-
rechargerate and area/distance-weighted NCDC basin-centroid
precipitation for each station location are listed in tables 3—7
(back of report). The general form of these equationsis shown
in equation 13. Equations in which the independent variabl e of
area/distance-weighted NCDC basin-centroid precipitation was
not significant at the 5-percent level were listed as not applica-
blein tables 3—7 (back of report). Rather than being normalized
for 1961—90, the normalized basin-recharge rate for these
basins was based only on the RORA -determined ground-water-
recharge rate.

In many cases, the sum of the normalized seasonal ground-
water-recharge val uesin each drainage basin does not equal the
value of the normalized annual ground-water recharge. Asa
long period of record has a greater sampling of the recession
index, a much greater confidence is associated with the reces-
sion-curve-displacement method for the annual period rather
than for the seasonal period. The percent error in the annual
drainage-basin ground-water recharge, when compared to the

sum of the seasonal drainage-basin ground-water recharge, is
shown in table 8.

The estimation equations developed in this study were
incorporated into a GI S to produce a“ point-and-click” tool for
rapidly estimating low-flow, flow-duration (Flynn, 2002), and
ground-water-recharge statistics for any unregulated stream
reach inthe State. A GISisrequired to measure the value of the
independent variables in the regression equations. Asall of the
seasonal and the annual ground-water-recharge values will be
displayed in the* point-and-click” application that makes use of
the regression equations devel oped in this report, the user has
the option of using the sum of the seasonal valuesrather thanthe
annua vaue of ground-water recharge. This difference
between the annual value of ground-water recharge and the sum
of the seasonal values of ground-water recharge represents the
error that isinherent in the use of recession-curve displacement
methods and the error in the annual and seasonal normalized
regression equations. During the winter season (January 1—
March 15), there were many occurrences in which the indepen-
dent variable of area/distance weighted NCDC drainage-basin-
centroid precipitation was not significant at the 5-percent level.
The percent error in annual and summed seasonal ground-water
recharge is also areflection of the method of selecting precipi-
tation gages as used to determine the basin-centroid precipita-
tion values. If daily precipitation values at a particular precipi-
tation gage were missing for a season or year, then that gage
was not included for that season or year and another nearby pre-
cipitation gage was selected in its place (for determination of
the basin-centroid precipitation) along with two other precipita-
tion gagesusing Delauney Triangulation for interpolation of the
precipitation value. Since a different precipitation gage would
be used for that season and year than that which would be used
for the other three seasons, the value of normalized annual
ground-water recharge could be slightly different than the sum
of normalized seasonal ground-water recharge.

The proportion of normalized drainage-basin recharge to
PRISM basin-centroid precipitation for 1961—90 for each
annual and seasonal period is shown in figures 8—12 (back of
report). The value of average percentage of normalized drain-
age-basin recharge to PRISM basin-centroid precipitation for
each basinislisted in table 8.

Onan annual basis, the average proportion (percentage) of
normalized drainage-basin recharge to PRISM basin-centroid
precipitation was 47 percent with a standard deviation of 6.75
(table 8). In the winter (fig. 9), the ratio of ground-water
recharge to precipitation is greatest on the seacoast of New
Hampshire and low in the northern, mountainous sections of
New Hampshire. Thislow ratio is due to increased snowpack
and colder temperaturesin the mountainous sections. The aver-
age proportion of normalized drainage-basin recharge to
PRISM basin-centroid precipitation for the winter was 55 per-
cent with a standard deviation of 12.9 (table 8). In the spring,
snowmelt contributes significantly to ground-water recharge
(fig. 10) such that the ratio of ground-water recharge to precip-
itation is greater than 100 percent for many areas in northern
and central New Hampshire. The average proportion of



Table 8. Values of seasonal and annual basin-centroid precipitation and normalized ground-water recharge and the proportion (in percent) of normalized seasonal and annual
ground-water recharge to seasonal and annual basin-centroid precipitation.

[No., number; Location of stream-gaging stations are shown in figure 1 and reference numbers and descriptions of stream-gaging stations are listed in table 1; --, no data]

9l

Stream- . . . el . . . . Percent error of Proportion (in percent) of normalized drainage-
. Drainage-basin centroid precipitation Normalized drainage-basin recharge . . L.

gag!ng River annual versus su.m basin recharge to centroid precipitation
station of seasonal basin

No. Annual Winter Spring Summer Fall Annual Winter Spring Summer Fall recharge values Annual Winter Spring Summer  Fall
1052500 Diamond River 48.1 7.46 9.19 23.0 8.46 231 307 121 6.69 3.84 113 48.0 411 1316 29.1 454
1054200 Wild River 49.7 874 101 215 9.49 20.7 415 10 38 293 0.87 4.7 475 99.2 17.7 30.9
1054300 EllisRiver 39.1 6.91 7.85 16.5 7.76 18.2 335 10 3.22 3.08 797 46.6 485 127.3 195 39.7
1055000 Swift River 43.6 7.34 8.76 19.2 8.23 19.6 3 10.2 412 34 571 45.0 409 1164 21.5 41.3
1057000 Little Androscoggin River  43.7 7.56 8.94 185 8.70 18.3 371 8.65 3.03 3.69 4.26 41.9 49.1 96.8 16.4 124
1064300 EllisRiver 75.9 15.1 154 30.2 15.2 30 392 133 9.37 4.24 277 395 26.0 86.2 311 27.9
1064400 Lucy Brook 54.6 104 113 222 10.7 249 454 105 3.85 3.99 8.11 45.6 438 92.6 17.3 37.3
1064500 Saco River 50.2 941 105 204 9.80 24 421 117 371 3.95 1.79 47.8 447 1113 18.2 40.3
1072850 Mohawk River 47.1 8.52 9.98 18.9 9.72 239 5.43 7.61 159 4.23 211 50.7 63.7 76.3 84 435
1073000 Oyster River 432 7.83 9.29 17.2 8.90 20.7 5.9 7.61 2.78 4.02 1.88 47.9 75.3 81.9 16.2 452
1073600 Dudley Brook 4.1 831 9.33 175 8.94 - 395 5.16 1.45 2.39 -- - 475 55.3 8.3 26.7
1075000 Pemigewasset River 50.4 837 101 22.8 9.13 26.2 343 137 6.21 4 4.35 52.0 410 1351 27.2 438
1075800 Stevens Brook 411 7.01 8.35 18.1 7.64 12.3 3.01 6.03 1.69 2.36 6.42 30.0 43.0 722 9.3 30.9
1076000 Baker River 374 5.79 752 175 6.57 17 3 8.74 3.26 281 4.76 454 51.8 116.2 18.6 27
1076500 Pemigewasset River 48.6 892 101 20.0 9.65 221 365 104 4.92 4.45 5.97 455 409 103.0 24.6 46.1
1078000 Smith River 443 7.78 9.39 18.7 8.31 21 4.08 8.86 3.87 3.58 2.90 47.4 52.5 944 20.7 431
1082000 Contoocook River 442 8.33 9.23 185 811 21.3 5.07 8.38 3.62 3.56 351 48.2 60.9 90.8 19.6 439
1084500 Beards Brook 46.6 8.64 9.90 19.1 9.13 229 4.66 9.1 3.01 4.35 777 49.2 53.9 91.9 15.8 47.6
1085800 West Branch Warner River  45.3 7.95 9.76 19.1 8.31 22.7 54 9.38 3.58 4.04 132 50.1 67.9 96.1 18.7 48.6
1086000 Warner River 44.6 831 9.61 18.1 8.62 24 494 104 3.09 4.26 5.46 53.8 595 1083 17.0 494
1089000 Soucook River 38.6 6.71 8.01 16.9 7.13 16.4 4.32 6.55 2.62 2.96 0.30 425 64.4 81.8 155 415
1091000 South Branch Piscataquog ~ 43.4 823 9.13 17.7 8.39 20 5.41 7.99 2.62 3.66 1.60 46.1 65.7 875 14.8 43.6

River

1093800 Stony Brook Tributary 48.4 915 103 19.6 9.25 251 6.14 9.34 371 4.9 4.02 51.8 67.1 91.1 18.9 53.0
1097300 Nashoba Brook 44.2 8.82 9.29 174 8.62 20.1 6.71 6.66 2.82 3.82 0.45 455 76.1 71.7 16.2 44.3
1101000 Parker River 45.0 9.02 9.49 17.4 9.09 26.1 7.82 8.77 3.95 4.84 2.76 58.1 86.7 92.4 22.8 53.2
1127880 Big Brook 49.0 7.28 9.21 239 8.58 28.9 447 124 10.2 4.82 10.3 59.0 614 134.6 426 56.2
1129440 Mohawk River 454 7.03 8.68 21.8 7.95 19.2 4.1 6.99 5.45 4.07 7.34 423 58.3 80.5 25.0 51.2

1130000 Upper Ammonoosuc River  39.9 6.28 7.85 18.6 7.09 20.7 327 103 3.18 2.55 6.76 51.9 521 1311 17.1 36.0
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Table 8. Values of seasonal and annual basin-centroid precipitation and normalized ground-water recharge and the proportion (in percent) of normalized seasonal and annual
ground-water recharge to seasonal and annual basin-centroid precipitation.—Continued

[No., number; Location of stream-gaging stations are shown in figure 1 and reference numbers and descriptions of stream-gaging stations are listed in table 1; --, no data]

Stream- . . . L . . . Percent error of  Proportion (in percent) of normalized drainage-
- Drainage-basin centroid precipitation Normalized drainage-basin recharge - < A
gaging River annual versus sum basin recharge to centroid precipitation
station of seasonal basin
No. Annual Winter Spring Summer Fall Annual Winter Spring Summer  Fall recharge values Annual Winter Spring Summer  Fall
1133000 East Branch Passumpsic 424 6.42 8.03 20.6 7.44 27.1 341 108 74 4.26 4.54 63.9 531 1345 36.0 57.3
1134500 Moose River 448 711 8.64 211 7.99 18.6 3.39 8.75 4.45 331 6.99 415 477 1013 211 41.4
1134800 Kirby Brook 421 6.36 8.01 20.2 7.40 -- 23 7.37 3.37 2.26 - -- 36.2 92.0 16.7 30.5
1135000 Moose River 419 6.40 8.05 20.2 7.36 16.7 273 8.48 3.55 2.58 3.83 39.9 42,7 1053 17.6 35.0
1135300 SleepersRiver (W-5) 40.9 6.20 7.89 19.5 7.36 -- 343 6.64 419 3.95 - -- 55.3 84.1 215 53.7
1137500 Ammonoosuc River 56.4 10.3 11.3 24.1 10.8 20.6 332 102 2.66 3.02 6.80 36.5 323 90.6 111 28.0
1138000 Ammonoosuc River 39.9 6.04 7.70 191 7.05 13.9 247 6.8 2.38 221 0.29 34.8 409 88.3 125 314
1139000 WellsRiver 38.1 5.79 7.40 18.2 6.81 16 3.05 7.38 3.81 2.85 6.81 419 52.7 99.7 20.9 41.8
1139800 East Orange Branch 41.8 6.46 8.39 194 7.32 24.2 388 118 459 3.58 145 57.9 60.1 1407 23.7 489
1141800 Mink Brook 41.3 6.97 8.43 18.7 7.09 193 4.09 8.03 3.67 2.99 2.69 46.7 58.7 95.3 19.7 42.2
1142500 Ayers Brook 40.0 6.75 8.37 17.7 7.28 211 4.4 8.83 33 3.33 5.88 52.8 65.2 1055 18.6 457
1144000 White River 39.6 6.85 8.31 17.2 7.28 195 4.01 8.3 3.26 3.37 2.87 49.2 58.5 99.9 18.9 46.3
1145000 Mascoma River 40.5 6.57 8.50 18.2 7.17 16.5 32 7.95 2.72 2.63 0.00 40.8 48.7 935 15.0 36.7
1150800 Kent Brook 54.9 9.19 114 24.8 9.53 -- 415 124 8.83 6.06 - -- 451 1084 35.7 63.6
1150900 Ottauquechee River 51.2 8.56 10.8 22.9 8.98 318 751 104 7.93 5.22 2.33 62.1 87.7 96.6 347 58.2
1153500 Williams River 43.7 7.72 9.37 18.7 7.76 19.6 4.45 8.63 3.26 2.82 2.24 449 57.7 92.1 174 36.4
1154000 Saxtons River 45.3 8.19 9.65 193 8.03 20.6 4.72 8.11 3.33 3.23 5.87 455 57.6 84.1 17.3 40.2
1155000 Cold River 39.9 6.91 8.48 17.6 6.85 16.2 3.59 7.39 254 244 148 40.6 52.0 87.1 144 35.6
1155200 Sacketts Brook 43.6 7.91 9.37 185 7.76 -- 4.37 9.2 3.55 281 - -- 55.2 98.2 19.2 36.2
1155300 Flood Brook 51.0 9.09 10.9 22.0 8.90 -- 401 123 3.24 4.08 - -- 441 1132 14.7 459
1155500 West River 46.6 8.39 9.88 20.0 8.19 19.6 4.26 8.33 3.7 3.44 0.66 42.0 50.8 84.3 185 42.0
1156000 West River 45.6 8.29 9.63 19.6 7.95 17.9 3.94 7.49 3.67 2.99 1.06 39.3 475 77.8 18.8 37.6
1158500 Otter Brook 43.7 7.76 9.33 19.0 7.60 -- 5.56 8.16 -- -- - -- 717 87.5 -- --
1162500 Priest Brook 43.0 8.05 9.07 18.1 7.72 21.7 5.74 8.43 3.89 3.73 0.41 50.5 713 92.9 214 48.3
1165500 Moss Brook 42.7 7.85 9.04 18.0 7.52 18.3 491 7.01 29 2.96 2.84 429 62.5 77.6 16.1 394
1167800 Beaver Brook 53.2 9.92 11.5 22.0 9.84 28.1 485 102 4.66 4.95 12.2 52.8 489 88.4 21.2 50.3
10965852 Beaver Brook 43.2 8.13 9.00 17.8 8.39 19.9 6.71 6.14 2.92 4.59 231 46.0 825 68.3 16.4 54.7
Average percent 46.8 54.9 97.1 19.8 43.0
Standard deviation 6.75 129 184 6.70 8.15
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normalized drainage-basin recharge to PRISM basin-centroid
precipitation for the spring was 97 percent with a standard devi-
ation of 18.4 percent (table 8). In the summer, ground-water
recharge decreases (fig. 11). Theratio of ground-water recharge
to precipitation is greater in the mountainous areas in the north-
ern part of New Hampshire than other areas in the State during
this season. The average proportion of normalized drainage-
basin recharge to PRISM basin-centroid precipitation for the
summer was 20 percent with a standard deviation of 6.7 percent
(table 8). In thefall, the ratios of ground-water recharge to pre-
cipitation are similar but somewhat lower and more spatially
variable than those for the annual period. For the fall, areasin
the northwest and southeast of the study areatend to have the
greatest proportion of ground-water recharge to precipitation
(fig. 12). The average proportion of normalized drainage-basin
recharge to PRISM basin-centroid precipitation for the fall was
43 percent with a standard deviation of 8.2 percent (table 8).

Generalized Estimate of Drainage-Basin Ground-
Water-Recharge Rates Using Climatic and Basin
Characteristics Data

Ordinary Least Squares (OLS) regression analysis was
doneusing the SAS (Statistical Analysis System) computer pro-
gram, version 8.1 (SAS Ingtitute, Inc., 1994) to initially select
climatic and basin characteristics for estimation of normalized
annua and seasona ground-water recharge. This analysis pro-
vided a generalized estimate of ground-water recharge in New
Hampshire.

No significant trends were detected in the dataand al of
the residuals were normally distributed. For the annual period,
the station at Dudley Brook (number 1073600) had an unusu-
aly large studentized residua and was eliminated from the
ground-water-recharge regression analysis for the annual
period only. The studentized residual for Dudley Brook was
large but not unusually large for the fall and spring periods and
was not eliminated for these two seasons.

Annual and seasonal regression eguations were developed
using GL S regression to relate normalized ground-water
recharge at 55 stream-gaging stationsto basin and climatic
characteristicsin the form of 93 potential explanatory variables
(Appendix 1). These equations can be used to estimate ground-
water recharge for the unregulated stream-gaging station drain-
age basins used in the regression analysis, as well as for other
unregul ated, ungaged basin locations.

Because of the large number of basin characteristics (93)
to be analyzed as potential independent variables in the annual
and seasonal ground-water-recharge regression egquations, an
automated procedure was required to aid in the selection of a
subset of independent variables for the determination of the
dependent variable in each of the final regression models. A
variable-sel ection algorithm also was required to assist in deter-
mining the combination of independent variables that provided
the best estimates of the dependent variable in the regression
equations. To accomplish this, a stepwise-regression procedure

was used within the SAS program, version 8.1 (SAS Institute,
Inc., 1994) to aid in identifying which independent variables
were to be included in the regression equations. The stepwise
method is a modification of the forward-selection method, in
which variables aready in the model do not necessarily remain
in the model. Variables are added one at atime to the model
with the F-statistic (mean square for the model divided by the
mean square for error) used to test for significance at a pre-
defined level. In this study, the significance level was set at
0.05. After the addition of each new variable, the stepwise
method assessed al of the variables already included in the
model and deleted any variablethat did not produce an F-statis-
tic significant at the selected confidence level. Only after the
statistical significance of each independent variable was deter-
mined, and those that were statistically insignificant at the spec-
ified significance level of 5 percent were eliminated, could
another variable be added to the model.

After the statistically significant independent variables (at
the 95-percent confidence level) were determined for each of
the annual and seasonal ground-water-recharge statistics, an all-
possible-regression algorithm called RSQUARE was run in
SAS. The RSQUARE method isauseful linear-regression tool
for exploratory-model building asit assists in identifying sub-
sets of independent variables that best predict a dependent vari-
ablein agiven sample (SAS Ingtitute, Inc., 1994). This algo-
rithm examines all of the possible combinations of the
independent variables and ranks them according to decreasing
order of R? (fraction of the variance explained by the regres-
sion) magnitude for the given sample. Using this output of
ranked R?, the best combination of independent variables was
tested for inclusion in the final regression equations. The test
included using minimization of Mallow’ sCp statistic (Cavalieri
and others, 2000; Ries and Friesz, 2000) as one of the selection
criteria. The subsets were further analyzed using OL S regres-
sion analysesto select afinal model for each ground-water-
recharge statistic. The final regression models were selected
based upon consideration of the following statistical parame-
ters:

1. Mallow’'sCpstatistic: ameasureof thetotal squared error
for a subset model containing n independent variables
(Freund and Littell, 2000). Mallow’ s Cp isan indicator of
model bias (Cavalieri and others, 2000), in which models
with alarge Cp are biased because they contain predictors
that are not important in the popul ation;

2. Mean Square Error (MSE): the precision of the biased
estimate determined as the square of the bias plusthe
variance (Freund and Littell, 2000), also known asthe
sample model error variance of the estimates for the
stream-gaging stationsincluded in the analysis (Ries and
Friesz, 2000);

3. Adjusted R Squared (R%): an alternative to R-Square
(Rz), in which the percentage of variation in the
dependent variable can be explained by the variation of
the independent variablesin the model. In contrast to R,
Rzadj is adjusted for the number of parametersin the
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model (number of stream-gaging stations and number of
independent variablesin the regression analysis) (Freund
and Littell, 2000);

4. Predicted REsidua Sum of Squares (PRESS): the sum of
squares of residuals using models obtained by estimating
the equation with all other observations (Freund and
Littell, 2000) and is an estimate of the prediction error
sum of sgquares. The PRESS statistic measures how well
the regression model predicts the it observation as
though it were a new observation (Cavalieri and others,
2000).

In addition to the above statistical criteriafor selecting the
best combination of independent variables for the final regres-
sion model's, independent variables were selected based on
whether they (1) made hydrologic sense, (2) explained a signif-
icant amount of the variability of the dependent (response)
variable (ground-water-recharge statistic), and (3) could be eas-
ily measured using aGIS.

Regression equationswere devel oped, using SAS software
(SAS Ingtitute, Inc., 1994), to determine basin-specific annual
and seasonal ground-water-recharge rates from the selected
independent variables and the normalized estimates of ground-
water recharge. Theindependent variables selected for thefinal
models were statistically significant at the 95-percent confi-
dence level. This was accomplished by determining that the
p-value of the test F-statistic was less than alpha=0.05 (Cava-
lieri and others, 2000). In addition to statistical criteria, the sign
(positive or negative) of all of the regression coefficients had to
make hydrologic sense as related to ground-water recharge.

Diagnostic checks were performed to test for model ade-
guacy and violations of the assumptionsfor regression analysis.
Regression-equation independent variables that are highly
intercorrelated result in aduplication of the information con-
tained in those variables and prediction equationsthat arelikely
to be unreliable. To test for this condition, known as multicol-
linearity, variance-inflation factors (VIF) were computed for
each variable. A VIF expressestheratio of the actual variance
of the coefficient of the predictor variable to its varianceiif it
wasindependent of the other predictor variables (Cavalieri and
others, 2000) and is a measure of how multicollinearity
increases the instability or variance of the linear-regression
coefficient estimates (Freund and Littell, 2000). VIF values are
computed as the inverse of the correlation matrix of the predic-
tor variables. A value exceeding 10 indicates that a predictor
variableis so highly correlated to other predictor variables that
it isan unreliable predictor and should not be included in the
estimation equation as the equation may be unstable. None of
the predictor variablesretained in the prediction modelsfor this
study had VIF values greater than 10.

Other diagnostic checks for model adequacy and viola
tions of assumptionsin regression analysisincluded the identi-
fication of influential observations. Influential observationsare
datathat substantially change thefit of the regression equation.
Three diagnostic statistics were computed to help identify influ-
ential observations. These statistics were

1. Rstudent (studentized) residuals. the ordinary residuals
divided by their standard errors, determined from the dif-
ference between the observed dependent variable and the
predicted value of the independent variable excluding the
it observation from the regression analysis (Freund and
Littell, 2000); and

2. DFFITS: the standardized difference between predicted
values for the i™ observation obtained by the equation
estimated by all observations and the equation estimated
from all observations excluding the it observation
(Freund and Littell, 2000).

Ten of the 93 basin characteristics were selected because
of their statistical significancein predicting annual and seasonal
ground-water recharge. They include

« Average mean annual basin temperature (ABT), in
degrees Fahrenheit, is the annual basin average mean
temperature from 2-kilometer-grid PRISM (Daly,
2000) data for 1961—90.

e Average minimum winter basin temperature
(WBT), in degrees Fahrenheit, isthe winter basin aver-
age minimum temperature from 2-kilometer-grid
PRISM (Daly, 2000) data for 1961—90.

» ConiferousForest (C), in percent, represents the por-
tion of the basin that is classified as coniferous from
NLCD data (Vogelman and others, 2001) and is
defined as those areas dominated by trees where
75 percent or more of the tree species maintain their
leaves all year. Canopy is never without green foliage;

* Mixed Coniferous/Deciduous Forest (CD), in per-
cent, represents the percent of the basin that is classi-
fied as mixed coniferous and deciduous from NLCD
data (Vogelman and others, 2001) and is defined as
those areas dominated by treeswhere neither deciduous
nor coniferous trees represent more than 75 percent of
the cover present;

e Mean annual (AGP), spring (SpGP) and summer
(SGP) gage precipitation, in inches, isthe annual,
spring and summer precipitation determined at the
stream-gaging station from 2-kilometer-grid PRISM
datafor 1961—90;

* Mean annual (ACP) and fall (FCP) basin-centroid
precipitation, in inches, isthe annual and fall season
precipitation determined at the centroid of the basin
from 2-kilometer-grid PRISM data for 1961—90.

e Mean annual snowcover (ASC), ininches, isthe
mean annual basin average snowfall for each of the
basins based on monthly data acquired from 2-kilome-
ter-grid PRISM data for 1961—90.

The annual and seasonal normalized ground-water
recharge, the GL S regression equation predicted values, the
standard error of prediction at each stream-gaging station used
in the devel opment of the regression equations and the
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90-percent prediction interval areincluded in tables 9—13 (back
of report). The standard error of prediction is a measure of the
scatter about the computed regression line plusthe error in esti-
mating the regression line from the data. Thus, the standard
error of prediction takes into account that the regression coeffi-
cients are estimated from observed data and as such contribute
to the uncertainty of the model. The 90-percent prediction inter-
val defines the range of uncertainty associated with the pre-
dicted values, which isindicated with a 90-percent probability
that the true value of the ground-water-recharge statistic is
between the upper and lower values as listed in tables 9—13
(back of report).

A value of 21.0 in. was obtained for the average annual
normalized rate of ground-water recharge, for the basinsused in
theanalysis, based on GL Sregression analysis of selected basin
characteristics and RORA-derived ground-water-recharge
estimates adjusted for the average precipitation during 1961—
1990. The average winter ground-water recharge was 4.3 in.,
average spring ground-water rechargewas 9.0 in., average sum-
mer ground-water rechargewas4.01in., and averagefall ground-
water recharge was 3.6 in. Annual normalized ground-water
rechargeranged from 12.3to 31.8in., normalized ground-water
recharge for winter ranged from 2.30 to 7.82 in., for spring
ranged from 5.16 to 13.7 in., for summer ranged from 1.45 to
10.2in., and for fal ranged from 2.21 t0 6.06 in. The GLS-
devel oped regression equationsfor annual and seasonal ground-
water recharge are presented in table 14 aong with the number
of stream-gaging stations used in the analysis and several mea-
sures of model adequacy.

Ground-Water-Recharge Regression
Equations

Ten basin characteristics were selected as independent
variablesin the annual and seasonal ground-water-recharge
regression equationsgiventheir statistical significancebased on
severa statistical parametersthat evaluated which combination
of basin characteristics contributed the most to the predictive
power of the models. To determine the regression equation
ground-water-recharge rates, a GISis required to measure the
values of the independent variables used in this study.

Regression Model Adequacy

The adequacy of the generalized ground-water-recharge
regression equationsin table 14 was measured using the follow-
ing statistics:

1. TheMean Square Error (MSE): an estimate of the vari-
ance of the random error term for the full model. It is
determined from the error sum of squares (variationinthe
dependent variable not explained by the model) divided
by the error degrees of freedom (the number of indepen-
dent variable parameters minus one) (Cavalieri and oth-
ers, 2000).

2. TheAverage Prediction Error (APE): an overall measure
of how accurately the regression model can predict
ground-water recharge for ungaged sites where the

Table 14. Summary of regression equations and measures of model adequacy for estimating ground-water-recharge statistics

at selected New Hampshire stream-gaging stations.

[All recharge values are in inches per season or year; M SE, Mean Square Error; APE, Average Prediction Error of Model (G.D. Tasker, U.S. Geological
Survey, written commun., 2002); No., number; in., inch. The following basin characteristics were derived from 2-kilometer grid Parameter-elevation Re-
gressions on Independent Slopes Model (PRISM) data (Daley, 2000) from 1961 to 1990: AGP, average annual precipitation at USGS stream-gaging sta-
tions (inches); WBT, average mean winter basin temperature (degrees Fahrenheit); SpGP, average spring precipitation at USGS stream-gaging stations
(inches); ASC, average annua snowcover (inches); SGP, average summer precipitation at USGS stream-gaging stations (inches); ABT, average mean an-
nual basin temperature (degrees Fahrenheit); FCP, average fall centroid precipitation (inches); ACP, average annual centroid precipitation (inches). The
following basin characterstics were derived from the National Land Cover Data Set (NLCD): C, percent of basin containing coniferous forest (percent);
and CD, percent of drainage basin containing mixed coniferous and deciduous forest (percent)]

Average model

Statistic Regression equation No._ of stre.':lm- MSE I'.\PE R adj
gaging stations (in) (in.) (percent)
Ground-water recharge—Generalized-Least-Squares Regression equations
Winter -3.485+0.160(AGP)+0.168(WBT)-0.041(C) 55 0.39 0.67 67
Spring -1.544+0.721(SpGP)+0.045(A SC)-0.032(C) 55 1.11 111 63
Summer 3.725+0.573(SGP)-0.223(ABT)-0.039(CD) 54 1.01 1.05 57
Fall 0.389+0.499(FCP)-0.049(C) 54 30 57 48
Annual -1.932+0.589(ACP)-0.176(C) 48 6.40 2.63 53




3. averageistaken over prediction siteswith X variables
identical to the observed ground-water-recharge data.
APE represents an estimate of the average squared-model
error for the n sites plus an estimate of the average
squared error due to estimating the true model parameters
from asample of data.

4. Adjusted R Squared (R%): an aternative to R-Square
(RZ), in which the percentage of variation in the
dependent variable can be explained by the variation of
the independent variables in the model. Rzadj is adjusted
for the number of parameters in the model (number of
stream-gaging stations and number of independent
variablesin the regression analysis) (Freund and Littell,
2000);

The GLS model allowsthe weight given to each sitein the
regression analyses to be adjusted for cross correlation among
all of the concurrent streamflows of the sitesand for differences
inrecord lengths. For GL Sregression, the variance of the errors
for an observation, which in this case is the ground-water-
recharge statistic, is estimated as a function of the error in the
regression model and the error in the estimate of the true value
of the ground-water-recharge statistic. The error in the calcu-
lated stream-gaging station ground-water-recharge statistic is
estimated as a function of the record length, variance of the
annual events, and cross correlation between the statistics. Asa
result, it would be inappropriate to use the equally weighted
residualsin a GLS model to calculate a measure of predictive
accuracy. Instead, the APE is used as a measure of the predic-
tive accuracy of the GL S regression equations (table 14). The
APE of the regression model is a measure of how well the
regression egquationswill estimate ground-water recharge when
applied to ungaged drainage basins. The APE was determined
for the GL S-determined annual and seasonal ground-water-
recharge regression equations by computing the square root of
the sum of the average squared model error for the n sitesand
the average squared error due to estimating true model parame-
ters from sample data.

Physical Basis for the Independent Variables in the
Regression Equations

Rechargeto adrainage basinis primarily afunction of pre-
cipitation, whereas storage and discharge from a basin are con-
trolled primarily by the physical characteristics of the basin
(Hayes, 1991). Evapotranspiration and runoff rates are all
affected by land use and these affect ground-water-recharge
conditions. The drainage-basin characteristics of percent conif-
erousforest and percent-mixed coniferous and deciduousforest
were found to be statistically significant variablesin the
ground-water-recharge regression equations and reflect the
effect of interception, evapotranspiration, infiltration, and run-
off rates on ground-water recharge. These two basin character-
istics are inversely related to ground-water recharge. The vari-
able of percent mixed coniferous and deciduous forest was
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found to be significant only for the summer season (June 1—
October 31), whereasthe variable percent coniferousforest was
found to be significant in each of the other seasons. The statis-
tical significance of these two basin characteristics supportsthe
concept that evapotranspiration and interception reduce flows
and ultimately ground-water recharge by capturing ground
water that would have otherwise remained as ground water or
discharged to streams. Evapotranspiration results in a major
loss of water from drainage basins. It dominates the water bal-
ance and control s soil moisture content, ground-water recharge,
and streamflow. More than two-thirds of the precipitation fall-
ing on the conterminous United States is returned to the atmo-
sphere through evaporation from plants and surface water
(Dunne and Leopold, 1978). According to Dunne and L eopold,
coniferous treesintercept slightly more rainfall than deciduous
trees because coniferous trees have greater masses of foliage
and branches throughout the year than deciduous trees and
because their needles can hold more interception storage than
broad leaves. In the summer, the combined effect of mixed
coniferous and deciduous forest was found to be a more signif-
icant variablein the ground-water-recharge regression equation
than the variable of coniferousforest alone asthereis more can-
opy for interception and greater evapotranspiration during this
season. Over the long term, canopy interception was deter-
mined to be greater under conifers than under broad-leaf hard-
woods. Dunne and Leopold (1978) presumed that thiswas a
result of the high density of conifersin New Hampshire and
possibly because of the more frequent occurrence of light rains
and snows, which are more fully intercepted in coniferous for-
ests.

The climatic characteristic of average basin temperature
for 1961—90 was significant for the winter (January 1—March
15) and summer (June 1—October 31). Thisvariable, whichis
directly related to ground-water recharge for the winter season
and indirectly related to ground-water recharge for the summer
season, reflects the basin latitude and elevation, which in turn
reflects the prevalence of coniferous and deciduous forest
cover. Average basin temperature affectstherate of evaporation
inaparticular basin. During the winter, cold temperaturesresult
in less ground-water recharge as a result of the accumulation
and storage of precipitation within the snowpack. During the
summer, water requirements for transpiration increase dramati-
cally and warm temperaturesincrease evaporation from surface
waters, resulting in adecrease in the rate of ground-water
recharge.

The climatic characteristic of average annual snowcover
for 1961—90 was significant for the spring (March 16—May 31)
ground-water-recharge regression equation ashigh spring flows
occur in New England during March, April, and May asaresult
of melting snowpack and concurrent precipitation resulting in
more water available for ground-water recharge. In general,
flows are greater in March and April in the streams in southern
New Hampshireand are greater in April and May inthe streams
in central and northern New Hampshire (Hammond and Cotton,
1986).
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Uncertainties in Determining Ground-Water Recharge

The Rorabaugh method was used to determine ground-
water recharge in this study. This method is based on an ideal
flow system in which the aquifer has uniform thickness, hydrau-
lic conductivity, and storage coefficient; the stream fully pene-
trates the aquifer; the hydraulic head everywherein the aquifer
is the same as the stage of the stream; and the ground- and sur-
face-water divides are considered to be coincident. Because of
these assumptions, it is recognized that there is some error
inherent in the estimation of ground-water recharge with this
method, as well aswith other estimation methods.

Indirect and direct methods are available to estimate
ground-water recharge to aquifers. Indirect methodsinclude an
estimate of the recharge rate based on the measurement or cal-
culation of the ground-water-discharge rate. This method is
based on the steady-state concept that the average rate of
ground-water recharge equals the average rate of ground-water
discharge over an extended period of time (Knott and Olimpio,
1986). The reduction of flow along a stream reach also can be
used to estimate recharge from streamflow losses. The measure-
ment of flow at various locationsin the stream can indicate
directly the loss of water from the channel or amount of
recharge contributed by the stream. A water-balance technique
isanindirect method to estimate ground-water recharge, where
water loss by evapotranspiration is estimated and subtracted
from measured precipitation to cal culate ground-water recharge
during that sametime period (Thornthwaite and Mather, 1957).
Other indirect methodsinclude numerical simulation, chemical
tracer studies, tritium isotopic studies, studies of ground-water-
level fluctuations, derivation of empirical relations on the basis
of precipitation data, and studies based on hydrograph separa-
tion of streamflow records (Holtschlag, 1997). Hydrograph-
separation techniques are used to analyze streamflow datato
determine base flow, which istypically derived largely from
ground-water discharge. If it is assumed that there is no long-
term change in the amount of ground water in storage, ground-
water discharge, as indicated by base flow, equal s the amount
of ground-water recharge over the basin area contributing the
low flow (Vecchioli and others, 1990). Some forms of ground-
water discharge that would need to be considered in estimating
ground-water recharge from ground-water discharge include
withdrawals by wells and evapotranspiration from the water
table (Vecchioli and others, 1990).

Direct methods of measuring ground-water-recharge rates
are difficult. These methods include, but are not limited to, the
use of closed-bottom lysimeters buried beneath the root zone
and tensiometers. If it isassumed that low flow isequal to base
flow (portion of streamflow attributable to ground-water flow),
ground-water discharge can be measured during periods of low
flow. Discharge also can be determined using Darcy’s law,
assuming that the estimated hydraulic conductivity and eleva-
tion of the water table are correct (Knott, 1986).

Inastudy such asthis, the true value against which to eval-
uate a ground-water-recharge estimate, and the method used, is
not known. This study contains upland basin-recharge rates that

are higher than those determined for till and bedrock in astudy
conducted in Maine by Morrissey (1983). In that study, the
water year of 1981 (October 1, 1980—September 30, 1981) was
used to estimate ground-water recharge for the Little
Androscoggin River near South Paris (gage 1057000). This
drainage basin consists primarily of till. The precipitation for
the calendar year of 1980 (42.9 in.) was less than the average
annual precipitation (from 1949 to 1998) of 49.8 in., with the
late fall of 1980 being particularly dry. The 1981 calendar year
precipitation of 48.3 in. was dlightly below average. However,
thisvaueisfor the calendar year and not the water year.
According to Morrissey (1983), the National Weather Service
determined precipitation at West Paris, Mainewas 39.4 in. for
the 1981 water year. Precipitation for November 1, 1980,
through May 31, 1981, was 19.5 in. The average precipitation
for November 1% through May 31 from 1948 to 1998 was
26.11in. Thisisapproximately 25 percent less precipitation than
average for this period. Much of the precipitation for the calen-
dar year of 1981 came in the late summer and fall of 1981.
Before 1981, precipitation conditions were below normal.

Morrissey assumed that lateral recharge from till to the
aquifer is equal to the ground-water runoff from till-covered
areas. The ground-water component of runoff was determined
for the 1981 water year for the station on the Little Androscog-
gin River near South Paris using a hydrograph separation
method described by Meinzer and Stearns (1929). Theresulting
annua ground-water-recharge estimate of 7.4 in. is approxi-
mately 19 percent of total precipitation for the 1981 water year.
The current study estimated an annual recharge rate of approx-
imately 20 in. for the 1981 water year. This estimate of ground-
water recharge is approximately 51 percent of total precipita-
tion for the 1981 water year. The normalized recharge rate for
the Little Androscoggin River Basin was determined to be
18.3inlyr.

STATSGO (STATe Soil GeOgraphic) data (Schwarz and
Alexander, 1995) was designed primarily for regional, multi-
county, river basin, State and multistate management, and
resource planning and monitoring. Although it isageneralized
estimate derived from more detailed soil survey maps, accord-
ing to STATSGO data upstream from station 1057000, the Lit-
tle Androscoggin River Basin, has a mean permeability of
4.189 inches per hour. The 100-year, 24-hour rainfall is approx-
imately 7 in. and the 100-year, 1-hour rainfall is approximately
2.25in. for the Little Androscoggin River Basin (U.S. Depart-
ment of Commerce Weather Bureau, 1961). On the basis of
these values, large precipitation eventsin the Little Androscog-
gin River Basin are capable of infiltrating and the permeability
of thetill would not be a factor leading to overland flow and
thus aloss of recharge to the aquifer.

Morgan and Jones (1995) conducted a study of the effects
of ground-water withdrawals on discharge to streams and
springsin small basins typical of the Puget Sound Lowland in
Washington State. In their study, referenceis made to awritten
communication (1993) with J.J. Vaccaro (U.S. Geological Sur-
vey) in which permeameter measurements of hydraulic conduc-
tivity were made in till and showed a range from 0.0002 to



53 ft/day. Both this range and the median, 0.12 ft/d, are similar
to values reported for till in southern New England, where the
range and median were 0.00023—96 ft/d and 0.3 ft/d, respec-
tively (Melvin and others, 1992). Water budgets were deter-
mined for 26 basins and the mean annual precipitation was
determined to range from 25—61 infyr. The range of recharge
estimates was from 5 to 29 infyr. Vaccaro estimated that the
average annual rechargein areasunderlain by till and other fine-
grained depositswas 17.5 in. In the simulation used in Morgan
and Jones (1995), a mean annual precipitation of 44 in/yr and a
recharge rate of 18 in/yr were used in the areas where the less
permeable till was exposed. Thisrecharge rate is similar to the
18.3in. of average annual rechargefor the primarily till basin of
Little Androscoggin River upstream from USGS stream-gaging
station 1057000 with the precipitation being dlightly less than
the average precipitation of 49.8 in/yr for this area.

Limitations on the Use of Regression Equations

The regression eguations presented in this report are lim-
ited in application by the range of the basin-characteristic data
used to devel op the equations and by the accuracy of the esti-
mates. These equations should be used with caution when deter-
mining ground-water-recharge statistics at ungaged sites with
basin characteristics that are beyond the range of those used to
develop the regression equations. The ranges of the basin-
characteristic data used to develop the ground-water-recharge
regression equations are listed in table 15. The accuracy of the
estimates when basin characteristics are within the ranges of
those sites used in the regression analysis are listed in table 14.
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The use of these regression equations requires that the physical
and climatic basin characteristics be determined within aGIS
using the same datasets (Appendix 1) that were used to develop
the equations outlined in this report.

A GIS computer application tool is planned that will pro-
vide ground-water-recharge statistics from adatabase for gaged
and ungaged sitesin New Hampshire by measuring the neces-
sary basin characteristics for a user-selected site from digital
map data using ArcView GIS (Environmental Systems
Research Institute, Inc., 1994) to solve the regression equations.
The output from the tool will include a map of the drainage-
basin boundary determined for the site, the values of the GIS-
measured basin characteristics, the estimated ground-water-
recharge statistics, and prediction intervals for the estimates.

Summary and Conclusions

Anincreasein population and industry in New Hampshire
hasresulted in anincreased demand for water. Determination of
ground-water-recharge valueswill aid Federal, State, local, and
private agenciesin making water-resource planning, regul atory,
and management decisions. To better understand water avail-
ability, the U.S. Geologica Survey (USGS), in cooperation
with the New Hampshire Department of Environmental Ser-
vices (NHDES), has developed datasets, hydrologic statistical
relations, and a geographic information system (GIS) of data
coveragesfor all of New Hampshire. Thisinformation provides
abasis for water-resources managers for sustainable water-use
management.

Table 15. Ranges of basin characteristics used to develop the regression equations for estimating ground-water-recharge rates in

New Hampshire drainage basins.

[in., inches; PRISM, Parameter-elevation Regressions on Independent Slopes Model (Daley, 2000); NLCD, Nationa Land Cover Dataset]

Basin characteristic charng:istic Minimum Mean Maximum
abbreviation
Average annual gage precipitation (in.; PRISM) AGP 35.83 42.93 5311
Average summer gage precipitation (in.; PRISM) SGP 16.46 18.60 2311
Average spring gage precipitation (in.; PRISM) SpGP 6.83 8.85 11.54
Average annual basin-centroid precipitation (in.; PRISM) ACP 37.44 45.32 75.91
Average mean annual basin temperature (degrees Fahrenheit; PRISM) ABT 36.05 42.35 48.69
Average minimum winter basin temperature (degrees Fahrenheit; PRISM) WBT 0.8 10.61 19.88
Percent coniferous forest (percent; NLCD) C 3.07 20.65 56.18
Percent mixed coniferous/deciduous forest (percent; NLCD) CD 6.21 26.05 46.13
Average fall basin centroid precipitation (in.; PRISM) FCP 6.57 8.38 15.20
Average annual snowcover (in.; PRISM) ASC 54.46 102.41 219.07
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Annual and seasonal ground-water-recharge rates were
devel oped through the analysis of 55 unregulated continuous-
record stream-gaging stations using the Recession-Curve Dis-
placement Computer Program RORA.. The seasons, asspecified
by the NHDES arewinter (January 1-March 15), spring (March
16—May 31), summer (June 1—October 31), and fall (November
1-December 31). Stream-gaging stations were not chosen in
basins where the streamflow is known to be affected by regula-
tion, diversion, flow augmentation, or hydraulic control struc-
tures. A minimum of 10 years of continuous streamflow data
was required for a stream-gaging station to be included in the
analysis.

Although in many cases streamflow records were consid-
erably longer than 10 years, the length of record for the basin-
specific estimation of ground-water recharge determined in this
study ranged from 10 to 50 years. The length of the stream-
gaging station record used to determine the annual and seasonal
ground-water-recharge rates was dictated by the length of
record of the National Climate Data Center (NCDC) digital-
precipitation database. The digital NCDC precipitation-gage
data were available from 1949 through 1998.

A consistent recharge estimate and the statistical signifi-
cance of the annual and seasonal regression equations relating
ground-water recharge and area/distance-weighted NCDC
basin-centroid precipitation for each stream-gaging station
were determined. Only coefficients significant at the 5-percent
level were maintained in the equations. In afew instances, the
basin-recharge rate was based only on the Recession-Curve
Displacement Computer Program (RORA) (Rutledge, 1998)-
determined ground-water-recharge rate because the area/dis-
tance-weighted NCDC basin-centroid precipitation was not sta-
tigtically significant.

Temporal variationsin recharge were removed by normal-
izing the ground-water-recharge regression equations to deter-
mine the spatial relation of the annual and seasonal ground-
water-recharge rates. For consistency among stations that have
operated during different periods, annual and seasonal normal-
ized ground-water recharge was determined by substituting the
average annual and seasonal basin-centroid values of precipita
tion for 196190, as determined from a 2-kilometer grid
Parameter-el evation Regressions on I ndependent SlopesModel
(PRISM), into each of the annual and seasonal basin-recharge
equationsfor the area/distance-weighted NCDC basin-centroid
precipitation values.

The regression equations developed in this study relate
normalized ground-water-recharge rates at 55 stationsto basin
and climatic characteristics determined from 93 potential
explanatory variablesfor each basin. The results can be used to
estimate ground-water recharge for the unregul ated stream-
gaging station drainage basins used in the regression analysis,
aswell asfor any other unregulated, ungaged basin locations.
Ten of the 93 basin characteristics were determined to be the
most statistically significant in explaining a significant amount
of the variability of the dependent (response) variable. The fol-

lowing basin and climatic characteristics were found to be sta-
tigtically significant predictorsfor at |east one of the dependent
variables. average annual, summer, and spring precipitation as
determined at U.S. Geological Survey stream-gaging stations;
average annual basin-centroid precipitation; average mean
annual basin temperature; average minimum winter basin tem-
perature; percent coniferous forest in a basin; percent mixed
coniferous and deciduous forest in a basin; average fal basin-
centroid precipitation; and average annual snowcover. These
10 basin and climatic characteristicswere sel ected becausethey
were statistically significant based on severa statistical param-
etersthat evaluated which combination of characteristics con-
tributed the most to the predictive accuracy of the regression-
equation models. A geographic information system (GIS) is
required to measure the values of the independent variablesfor
the equations developed in the study.

Generalized-least-squares (GL S) regression analysis was
used to develop the final equations that determined annual and
seasonal ground-water-recharge rates with the computer pro-
gram generalized-least-squares NETwork (GLSNET). GLS
regression analysis accountsfor the differencesin the variances
of the basin-specific recharge estimates, and for the cross-cor-
relation of concurrent flows with other stream-gaging stations.
The proportion of variation in the dependent variables (annual
and seasonal normalized ground-water recharge) that is
explained by the independent variables (Rzadj) in the ground-
water-recharge regression equations ranged from 48 to 67 per-
cent. Average model mean square error (MSE) ranged from
0.3to6.4in.

Generalized estimates of normalized ground-water
rechargewerederived from GL Sregression analysis of selected
basin characteristics and RORA-derived recharge values
adjusted (normalized) for average precipitation datafrom 1961
to 1990 (PRISM). A value of 21.0 in. was obtained as the aver-
age annual normalized rate of ground-water recharge. The aver-
age normalized ground-water recharge for winter was 4.3 in.,
for spring was 9.0 in., for summer was 4.0 in., and for fall was
3.6 in. Annual normalized ground-water recharge ranged from
12.3t0 31.8in. Normalized ground-water recharge for winter
ranged from 2.30 to 7.82 in., for spring ranged from 5.16 to
13.7in., for summer ranged from 1.45 to 10.2 in., and for fall
ranged from 2.21t0 6.06 in.
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Figure 4. Distribution of winter (January 1-March 15) rates of ground-water recharge in New Hampshire. (Station locations are shown on

figure 9 and listed in table 1.)



30

Streamflow Data of Annual and Seasonal Ground-Water Recharge Rates for Drainage Basins in New Hampshire

X
X
%
éx
X
X
QS O
>0
£

X X
xﬁ
<$
IS
QQQQW
NN
NN N

X
xa
X x
X

QO QO
S
NI
NN

90th percentile or below
the 10th percentile
X
X
Q
S
N

X Data value above the
X
X
X xx
X X
g :
XQ
X
X x
X X
X x
X
D QL0000
SESSESESS
LY L0000 0
~ N N NN NN

Upper whisker
Upper quartile
Median
Lower quartile
Lower whisker
X
X
X
X
X
x &
b
6 X
;E X
X b
S O D
SLES
RN
NN ~

X
X
X
QO
S
kS

L T XX X¥————— T XX

=
()

X
N
S
2
N

v oW
N B -

a|usdled

X o
X %X x
X
X x
X
X
& x
% | x
% X
¥ x x
D0 0090
SSESSs
RSN

X
x
X
S
&
2

X
X %
xg
v QO
‘IJOJQ\
D QO
SES

X
X
X
X
BE X
X x X
% X
X g o X
X X x
5 X
X
X
% x X
X
X R
X
X
SO L L L LR o
FSESSSESSELSSS$ F
SEISEESESESSS =
U.S. GEOLOGICAL SURVEY STREAM-GAGING STATION NUMBER

X
£
X
gx

X
X
%
S
S
St

Distribution of spring (March 16—May 31) rates of ground-water recharge in New Hampshire. (Station locations are shown on

figure 10 and listed in table 1.)

x
x X
X %
X
O QO
$$
o o
S

2
XX pe— T 1-»XX X . 00301

n o fe} o

30
25
20
1
1

S3HONI NI ‘NOSVIS DNIHdS H3d I1VH IDHVHOIH HILVM-ANNOHD

Figure 5.



o
(o]

X Data value above the

Upper whisker

90th percentile or below
the 10th percentile

Upper quartile

]

Lower quartile
Lower whisker

Median

0 O w
N~ AN

EINUEIEN

L x—f T X

” Xk — T KX

20.0

17.5

125 X

15.0
10.0
75

S3HONI NI ‘NOSY3S HIWANS H3d 3LvH FOHVYHOIH HILVM-ANNOHD

-25

Figures

U.S. GEOLOGICAL SURVEY STREAM-GAGING STATION NUMBER

Distribution of summer (June 1-October 31) rates of ground-water recharge in New Hampshire. (Station locations are shown on

Figure 6.

3

figure 11 and listed in table 1.)



32

Streamflow Data of Annual and Seasonal Ground-Water Recharge Rates for Drainage Basins in New Hampshire

X
X
I
X

percentile below the 10th
X
X
X
X
)
S
2

percentile
X
X
X
X
X
X
X
DL
S
NN
NN

X Data value above the 90th
X%
X
X X
X
X X X
X
X
X
X
X %
% X
X X ;é
X
() QOO0
SESSESS
RN
~ NN NN

Upper whisker
Upper quartile
Lower quartile

Lower whisker
X
X
X
X
x X
é X
X
%
X
SSS
RIS
~ ~

Median
X
X
X
X
%
S
2

()
S
$88
N
~

X
X
X
X
P

S

L

T B XX ———————— T XX XX

=
()

X
S
N
2
N

v oW e
~N B A

a|uedIed

x
X
X
X
X
9 X
x
o X
X
X
ééx
XX ¥ é
x><><><><
X 5 %
O Q0 0 ()
SSESS
PP YD
N ON N ~

P

X

X
$
N

X
%
%
X

X
X
X
X
X
X
)
S
>
N

X
X
x
$ x

x
$ 9
S

X

X
S

&
N

é
X
S
W
W
F
U.S. GEOLOGICAL SURVEY STREAM-GAGING STATION NUMBER

X X
X
X
b3
X
X
& X
X % X
XX x
X
Q00000
SLHSESS
SEEESS

X
@
X
Q
&
A
N

X X
X
;2 X
X
X
X
x\
xéx
XXI
x X %
X X
O 0 90,0
LSS
S8

X
X
X
X
X
QO
S
)
N

Distribution of fall (November 1-December 31) rates of ground-water recharge in New Hampshire. (Station locations are shown on

figure 12 and listed in table 1.)

12
10
8
6
4
2
0

S3IHONI NI ‘NOSV3S T1v4 H3d 3.Lvd IDHVHOIH HILVM-ANNOHD

Figure 7.



Figures

73° 72°30’ 72° 71°30’ 71° 70°30’
! EXPLANATION ! ! N { !

—--- Drainage-basin boundary :/ "w ,r ‘u
Proportion of normalized annual ground- \ \ |
water recharge to annual basin-centroid : 27
precipitation (PRISM, 1961-90), in percent CANADA ) j"’.,l|
I o [ ] 71-80 ; '|

“ 1 1-10 Emosi90 — T 7 L n
[ 1120 I 91-100
Bl 21-30 [ 101-110 ,
[0 3140 [ 111120 Y
[ 41-50 [ 121130 % 4
[ 51-60 [ 131-140 4
[ ] 6170 B 141-150
A Stream-gaging station and reference

44°30"

number

a4

43°30"

43°—

Atlantic
Ocean

A "' [SRCeE

I 53%

N

2154

/ MASSACHUSETTS
42030’ — ¢ —
/i | | |

Base from U.S. Geological Survey 0 10 20 30 40 50 MILES
Digital line graphs, 1:24,000 or f — " ! g
1:25,000 scale, 1983 0 10 20 30 40 50KILOMETERS
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Figure 11. Drainage basins that were used to develop the equations for estimating summer (June 1-October 31)
ground-water-recharge statistics in New Hampshire showing the proportion (in percent) of normalized summer
ground-water recharge to summer basin-centroid precipitation. (Station reference numbers are listed in table 1.)
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Table 3. Annual (January 1-December 31) normalized basin-recharge rates determined from basin-specific regression equations relat-

ing Rorabaugh-method-determined ground-water-recharge rates and basin-centroid precipitation.

[No., number; Location of stream-gaging stations are shown in figure 1 and reference numbers and descriptions of stream-gaging stations are listed in table 1;

RORA, Recession-curve-displacement computer program; in., inch; yr, year; By, By, R, regression model coefficients; MSE, Mean Square Error]

Average Normal- N(."-
drainage- ized m?hzed .
Stream- . . drainage- Coefficient
. basin  drainage- . Root  Years
gaging River Location (RORA)  basin B, B, basin-  of deter-  ep
station recharge recharge centl:m_d mination (in.)  record
No. precipi- (R)
rate rate .
(in/yr) (in/yr) tfmo“
(infyr)
1052500 Diamond River Wentworth Location, N.H.  21.37 23.10 12.65 0.2172 48.11 0.1668 3.499 50
1054200 Wild River Gilead, Maine 23.06 20.71 15.27 .1095 49.69 .1616 4.18 33
1054300 EllisRiver South Andover, Maine 20.35 18.24 -9.971 7217 39.09 .5849 3.715 17
1055000 Swift River Near Roxbury, Maine 19.51 19.64 9.367 .2357 43.58 .3103 3554 50
1057000 Little Androscog- Near South Paris, Maine 19.42 18.28 9.418 .2027 43.70 .2655 4.355 50
gin River
1064300 EllisRiver Near Jackson, N.H. 33.17 29.96 16.15 182 75.91 .2821 4853 34
1064400 Lucy Brook Near North Conway, N.H.  24.42 24.88 22.84 .0285 54.57 .0049 6.149 26
1064500 Saco River Near Conway, N.H. 26.00 23.99 17.94 1204 50.16 1141 5.451 50
1072850 Mohawk River Center Strafford, N.H. 18.73 2389 -14.66 .818 47.13 .6531 247 11
1073000 Oyster River Durham, N.H. 19.46 20.66 -8.654 .6789 43.19 .8078 2243 50
1075000 Pemigewasset Woodstock, N.H. 26.90 26.23 12.86 .2652 50.43 .3257 3821 28
River
1075800 Stevens Brook Wentworth, N.H. 13.27 12.34 0.7134 .2831 41.06 .2896 3.08 33
1076000 Baker River Rumney, N.H. 1754 16.96 -2.641 5234 37.44 .759 1.973 27
1076500 Pemigewasset Plymouth, N.H. 22.13 22.14 11.671 .2152 48.62 1612 4.6 50
River
1078000 Smith River Near Bristol, N.H. 18.45 20.97 -5.941 .6076 44.29 .6914 2.592 50
1082000 Contoocook River Peterborough, N.H. 20.20 21.25 -9.683 .6997 4421 .7086 3.16 28
1084500 Beards Brook Hillsboro, N.H. 18.08 22.93 -6.692 .6361 46.57 .8099 2.225 21
1085800 West Branch Near Bradford, N.H. 20.11 22.69 -2.749 .5618 45.28 7134 2487 35
Warner River
1086000 Warner River Davisville, N.H. 20.52 24.02 -7.083 .6967 44.65 .8934 1726 29
1089000 Soucook River Near Concord, N.H. 17.06 16.37 -9.728 .6758 38.62 .8191 2.015 44
1091000 South Branch Near Goffstown, N.H. 18.88 19.98 -7.581 .6347 43.43 .7031 2.814 29
Piscataquog River
1093800 Stony Brook Near Temple, N.H. 22.15 25.09 -8.24 .6882 48.43 .6017 3.932
Tributary
1097300 Nashoba Brook Near Acton, Mass. 19.51 20.05 -8.98 .6572 44.17 5234 4.443 34
1101000 Parker River Byfield, Mass. 23.10 26.10 -20.65 1.04 44.96 7763 3837 &0
1127880 Big Brook Pittsburg, N.H. 25.76 28.85 15.32 .276 49.02 .2393 3584 20
1129440 Mohawk River Near Colebrook, N.H. 18.53 19.17 6.951 .2688 45.43 .5695 1.875 11
1130000 Upper Ammo- Near Groveton, N.H. 22.34 20.66 15.82 1213 39.92 .1042 4.026 48

noosuc River
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Table 3. Annual (January 1-December 31) normalized basin-recharge rates determined from basin-specific regression equations relat-
ing Rorabaugh-method-determined ground-water-recharge rates and basin-centroid precipitation.—Continued

[No., number; Location of stream-gaging stations are shown in figure 1 and reference numbers and descriptions of stream-gaging stations are listed in table 1;
RORA, Recession-curve-displacement computer program; in., inch; yr, year; By, By, R, regression model coefficients; MSE, Mean Square Error]

Nor-

Average Normal- .
malized

drainage- ized

Stream- . . drainage- Coefficient
. basin  drainage- . Root Years
gaging River Location (RORA)  basin B, B, basin-  of deter-  ep o
station centroid mination .
No. recharge recharge precipi- (R) (in.)  record
rate rate .
(infyr)  (infyr) ration
(infyr)
1133000 East Branch East Haven, Vt. 23.01 27.11 -6.629  0.7956 42.40 0.6723 2615 29
Passumpsic
1134500 Moose River Victory, Vt. 18.51 18.63 11.11 1679 44.80 .2194 3.018 50
1135000 Moose River St. Johnsbury, Vt. 16.48 16.70 3.518 .3147 41.89 4299 2691 34
1137500 Ammonoosuc Bethlehem Junction, N.H.  22.95 20.61 13.99 1175 56.38 2272 3367 50
River
1138000 Ammonoosuc Bath, N.H. 15.58 13.86 7.081 .1698 39.92 .2646 2849 31
River
1139000 WelIsRiver WellsRiver, Vt. 16.38 15.96 3.376 .3299 38.15 4278 3288 50
1139800 East Orange East Orange, V1t. 21.61 24.19 -8.199 7754 41.77 .5666 4365 39
Branch
1141800 Mink Brook Etna, N.H. 16.57 1926 -1152 7454 41.30 .5609 3618 34
1142500 Ayers Brook Randolph, Vt. 18.84 21.06 -13.66 .8679 40.00 .7876 2447 48
1144000 White River West Hartford, Vt. 18.70 19.46 -7.003 .6682 39.61 .7301 2316 50
1145000 MascomaRiver  West Canaan, N.H. 15.25 16.48 -7.063 .5816 40.47 .8279 156 29
1150900 Ottauquechee West Bridgewater, Vt. 27.01 31.84 4.29 .5383 51.18 .3289 4768 13
River
1153500 WilliamsRiver ~ Brockways Mills, V1. 18.00 19.56 -3.006 5164 43.70 .6606 2613 35
1154000 Saxtons River Saxtons River, Vt. 17.62 20.60 -5.456 5755 45.28 .7066 2541 33
1155000 Cold River Drewsville, N.H. 22.81 16.21 -6.244 .5625 39.92 .8048 1804 29
1155500 West River Jamaica, Vt. 18.21 19.63 5.677 .2993 46.61 .3182 3243 12
1156000 West River Newfane, Vt. 17.13 17.88 5.149 2794 45,55 .2954 3574 12
1162500 Priest Brook Winchendon, Mass. 21.54 2172  -1355 .821 42.95 .8455 2617 35
1165500 Maoss Brook Wendell Depot, Mass. 17.17 1826 -124 7183 42.68 .8943 1762 33
1167800 Beaver Brook Wilmington, V1. 23.54 28.12 -4.808 .6191 53.19 4168 4553 12

10965852 Beaver Brook North Pelham, N.H. 19.36 19.85 -9.46 .6781 43.23 .8836 1617 11
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Table4. Winter (January 1-March 15) normalized basin-recharge rates determined from basin-specific regression equations relating
Rorabaugh-method-determined ground-water-recharge rates and basin-centroid precipitation.

[No., number; Location of stream-gaging stations are shown in figure 1 and reference numbers and descriptions of stream-gaging stations are listed in table 1;
RORA, Recession-curve-displacement computer program; in., inch; By, By, R, regression model coefficients, MSE, Mean Square Error; NA, indicates that an
entry is not applicable on the basis of the regression analysis]

Average Normal- N(?rmal-
. . ized
drainage- ized . .
R . drainage- Coeffi-
Stream- basin  drainage- . .
aging (RORA) basin basin-  cient of Root Years
gagi River Location B, B, centroid  deter- MSE of
station recharge recharge .. . .
precipi- mination  (in.) record
No. rate rate .
. . tation (R
(in/ (in/ X
h h (in/
winter)  winter) .
winter)
1052500 Diamond River ~ Wentworth Location, N.H.  3.07 3.07 NA NA 7.46 NA NA 50
1054200 Wild River Gilead, Maine 4.15 4.15 NA NA 8.74 NA NA 34
1054300 EllisRiver South Andover, Maine 3.30 3.35 1199  0.3109 6.91 0.1865  1.442 19
1055000 Swift River Near Roxbury, Maine 2.93 3.00 0.7297 .3087 7.34 1396 1.591 50
1057000 Little Androscog- Near South Paris, Maine 4.02 371 1.03 .3551 7.56 2747 14986 50
gin River
1064300 EllisRiver Near Jackson, N.H. 3.92 3.92 NA NA 15.08 NA NA 35
1064400 Lucy Brook Near North Conway, N.H. 454 4.54 NA NA 10.35 NA NA 28
1064500 Saco River Near Conway, N.H. 421 421 NA NA 941 NA NA 50
1072850 Mohawk River Center Strafford, N.H. 5.43 5.43 NA NA 8.52 NA NA 13
1073000 Oyster River Durham, N.H. 6.07 5.90 1.328 .5837 7.83 5108  1.525 50
1073600 Dudley Brook Exeter, N.H. 3.9 3.95 1.493 .2957 8.31 2637  1.376 23
1075000 Pemigewasset Woodstock, N.H. 343 343 NA NA 8.37 NA NA 29
River
1075800 Stevens Brook Wentworth, N.H. 312 3.01 .059 4218 7.01 2983 1513 35
1076000 Baker River Rumney, N.H. 3.00 3.00 NA NA 5.79 NA NA 27
1076500 Pemigewasset Plymouth, N.H. 3.65 3.65 NA NA 8.92 NA NA 50
River
1078000  Smith River Near Bristol, N.H. 397 4.08 471 4642 7.78 2012 1.943 50
1082000 Contoocook River Peterborough, N.H. 521 5.07 1577 4199 8.33 1924 2172 29
1084500 Beards Brook Hillsboro, N.H. 4.66 4.66 NA NA 8.64 NA NA 22
1085800 West Branch Near Bradford, N.H. 5.00 5.40 -.1999 .704 7.95 3729 1899 36
Warner River
1086000 Warner River Davisville, N.H. 4.94 4.94 NA NA 8.31 NA NA 30
1089000  Soucook River Near Concord, N.H. 4.63 4.32 .6584 5451 6.71 2844 19 46
1091000  South Branch Near Goffstown, N.H. 5.44 541 1.753 444 8.23 1928 2.043 30
Piscataquog River
1093800 Stony Brook Near Temple, N.H. 5.79 6.14 4268 .6243 9.15 4247 1.827 35
Tributary
1097300 NashobaBrook  Near Acton, Mass. 6.61 6.71 3797 .718 8.82 4994 2.036 35
1101000 Parker River Byfield, Mass. 7.67 7.82 .552 .8057 9.02 5198 216 50
1127880 Big Brook Pittsburg, N.H. 3.00 447  -1.878 .8716 7.28 3469  1.756 21
1129440 Mohawk River Near Colebrook, N.H. 3.32 410 -1464 7922 7.03 4904 1437 12
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Table 4. Winter (January 1-March 15) normalized basin-recharge rates determined from basin-specific regression equations relating
Rorabaugh-method-determined ground-water-recharge rates and basin-centroid precipitation.—Continued

[No., number; Location of stream-gaging stations are shown in figure 1 and reference numbers and descriptions of stream-gaging stations are listed in table 1;
RORA, Recession-curve-displacement computer program,; in., inch; By, By, R, regression model coefficients; MSE, Mean Square Error; NA, indicates that an
entry is not applicable on the basis of the regression analysis]

Average Normal- N(?rmal-
. . ized
drainage- ized . .
. . drainage- Coeffi-
Stream- basin  drainage- . .
aging (RORA) basin basin-  cient of Root  Years
gagi River Location 0 B, centroid  deter- MSE of
station recharge recharge L L .
precipi- mination  (in.) record
No. rate rate .
. . tation (R%)
(in/ (in/ X
h h (in/
winter)  winter) h
winter)
1130000 Upper Ammo- Near Groveton, N.H. 327 3.27 NA NA 6.28 NA NA 48
noosuc River
1133000 East Branch East Haven, V1. 341 341 NA NA 6.42 NA NA 31
Passumpsic
1134500 Moose River Victory, Vt. 3.34 3.39 0.9687 0.341 7.11 0.0917 1.836 50
1134800 Kirby Brook Concord, Vt. 2.30 2.30 NA NA 6.36 NA NA 11
1135000 Moose River St. Johnsbury, Vt. 2.73 2.73 NA NA 6.40 NA NA 35
1135300 Sleepers River St. Johnsbury, V. 3.55 343  -1.287 .7614 6.20 3943 1.019 10
(W-5)
1137500 Ammonoosuc Bethlehem Junction, N.H. 3.32 3.32 NA NA 10.28 NA NA 50
River
1138000 Ammonoosuc Bath, N.H. 2.47 247 NA NA 6.04 NA NA 32
River
1139000 WellsRiver WellsRiver, Vt. 3.20 3.05 4955 4415 5.79 2043 1433 50
1139800 East Orange East Orange, Vt. 3.70 3.88 154 5764 6.46 2346 1.896 40
Branch
1141800 Mink Brook Etna, N.H. 3.79 4.09 2161 .5564 6.97 .265 1.696 36
1142500 Avyers Brook Randolph, V1. 4.34 4.40 1.095 4899 6.75 1759 1.848 49
1144000 White River West Hartford, Vt. 4.02 4.01 1.287 .3981 6.85 1548 1631 50
1145000 MascomaRiver  West Canaan, N.H. 3.20 3.20 NA NA 6.57 NA NA 30
1150800 Kent Brook Sherburne, Vt. 4.15 4.15 NA NA 9.19 NA NA 11
1150900 Ottauquechee West Bridgewater, Vt. 6.05 751  -2197 1.133 8.56 6471  1.688 14
River
1153500 Williams River Brockways Mills, Vt. 4.45 4.45 NA NA 7.72 NA NA 36
1154000 Saxtons River Saxtons River, V1. 4.58 4.72 1.869 .348 8.19 1178 2.052 34
1155000 Cold River Drewsville, N.H. 3.67 3.59 1.176 .3487 6.91 1309 1612 30
1155200  Sacketts Brook Putney, Vt. 4.37 4.37 NA NA 7.91 NA NA 11
1155300 Flood Brook Londonderry, Vt. 4.01 4.01 NA NA 9.09 NA NA 11
1155500 West River Jamaica, Vt. 4.26 4.26 NA NA 8.39 NA NA 12
1156000 West River Newfane, Vt. 3.9 3.94 NA NA 8.29 NA NA 12
1158500 Otter Brook Keene, N.H. 5.56 5.56 NA NA 7.76 NA NA 10
1162500 Priest Brook Winchendon, Mass. 5.67 574 -.8108 .8135 8.05 5388 1844 36
1165500 Moss Brook Wendell Depot, Mass. 4.95 491 .6238 .546 7.85 3585  1.744 34
1167800 Beaver Brook Wilmington, Vt. 4.85 4.85 NA NA 9.92 NA NA 14
10965852 Beaver Brook North Pelham, N.H. 5.79 6.71  -1.017 .9508 8.13 .8884 8107 12
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Table 5. Spring (March 16—-May 31) normalized basin-recharge rates determined from basin-specific regression equations relating
Rorabaugh-method-determined ground-water-recharge rates and basin-centroid precipitation.

[No., number; Location of stream-gaging stations are shown in figure 1 and reference numbers and descriptions of stream-gaging stations are listed in table 1;
RORA, Recession-curve-displacement computer program; in., inch; By, By, R, regression model coefficients; MSE, Mean Square Error; NA, indicates that an en-
try is not applicable on the basis of the regression analysis|

Average Normal- Normal-
drainage-  ized ized .
Stream- basig drainage- drainage- C.oeﬂl-
gaging . . (RORA) basin basin- clent o.f Root  Years
station River Location recharge recharge By B, centroid dele_r mi- N.ISE of
L. nation (in.)  record
No. I‘é-lte r:f\te pre(_:lpl- (RZ)
(in/ (in/ tation
spring)  spring) (in/spring)
1052500 Diamond River ~ Wentworth Location, N.H.  11.16 12.06 7.05 0.5445 919 01073 3.046 50
1054200 Wild River Gilead, Maine 10.95 10.02 7.119 2877 10.08 2626 2.96 34
1054300 EllisRiver South Andover, Maine 10.04 10.04 NA NA 7.85 NA NA 20
1055000 Swift River Near Roxbury, Maine 9.99 10.24 6.836 .3886 8.76 1632 245 50
1057000 Little Androscog- Near South Paris, Maine 8.78 8.65 4.877 422 8.94 3245 2281 50
gin River
1064300 EllisRiver Near Jackson, N.H. 14.35 13.25 7.106 .3981 15.43 5123 2854 35
1064400 Lucy Brook Near North Conway, N.H.  10.93 10.51 6.237 3767 11.34 3453 2787 27
1064500 Saco River Near Conway, N.H. 12.39 11.75 7.304 4228 10.51 2841 3189 50
1072850 Mohawk River Center Strafford, N.H. 7.61 7.61 NA NA 9.98 NA NA 13
1073000 Oyster River Durham, N.H. 7.31 7.61 2577 5418 9.29 4037  2.08 50
1073600 Dudley Brook Exeter, N.H. 4.66 5.16 211 .5308 9.33 5714 1585 23
1075000 Pemigewasset Woodstock, N.H. 13.57 13.68 9.289 4333 10.14 1906 2897 29
River
1075800 Stevens Brook Wentworth, N.H. 6.06 6.03 2.995 .3634 8.35 2112 1962 35
1076000 Baker River Rumney, N.H. 8.80 8.74 55 4314 7.52 .282 1809 27
1076500 Pemigewasset Plymouth, N.H. 9.95 10.42 6.585 3794 10.10 1572 246 50
River
1078000 Smith River Near Bristol, N.H. 8.43 8.86 4.399 A755 9.39 2608 2365 50
1082000 Contoocook River Peterborough, N.H. 8.18 8.38 3.877 4874 9.23 2014 2552 29
1084500 Beards Brook Hillsboro, N.H. 8.20 9.10 4.505 4642 9.90 1789 2557 22
1085800 West Branch Near Bradford, N.H. 8.74 9.38 4.029 5477 9.76 3185 2356 36
Warner River
1086000 Warner River Davisville, N.H. 9.64 10.38 5.103 5491 9.61 271 245 30
1089000 Soucook River Near Concord, N.H. 6.66 6.55 3.277 4088 8.01 .346 1715 47
1091000 South Branch Near Goffstown, N.H. 7.69 7.99 3.999 4366 9.13 2198 2187 30
Piscataguog River
1093800 Stony Brook Near Temple, N.H. 8.79 9.34 2.006 .7156 10.26 4068 2774 35
Tributary
1097300 NashobaBrook  Near Acton, Mass. 6.57 6.66 2274 A725 9.29 2969 2262 35
1101000 Parker River Byfield, Mass. 8.09 8.77 1891  .9039 9.49 5645 2478 50
1127880 Big Brook Pittsburg, N.H. 12.42 12.42 NA NA 9.21 NA NA 21

1129440 Mohawk River Near Colebrook, N.H. 6.99 6.99 NA NA 8.68 NA NA 12
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Table 5. Spring (March 16—May 31) normalized basin-recharge rates determined from basin-specific regression equations relating
Rorabaugh-method-determined ground-water-recharge rates and basin-centroid precipitation.—Continued

[No., number; Location of stream-gaging stations are shown in figure 1 and reference numbers and descriptions of stream-gaging stations are listed in table 1;
RORA, Recession-curve-displacement computer program; in., inch; By, By, R, regression mode! coefficients; MSE, Mean Square Error; NA, indicates that an en-
try is not applicable on the basis of the regression analysis]

Average Normal- Normal-
drainage- ized ized .
Stream- basig drainage- drainage- c_oefh-
gaging . . (RORA) basin basin- clent o_f Root  Years
station River Location recharge recharge By B, centroid dete_r mi- N.ISE of
. . nation (in.) record
No. rz_ne ra_xte precipi- (7)
(in/ (in/ tation
spring)  spring) (in/spring)
1130000 Upper Ammo- Near Groveton, N.H. 11.08 10.29 7797 03177 785 01266 274 48
noosuc River
1133000 East Branch East Haven, V1. 10.08 10.78 4.665 .7618 8.03 2925 2281 31
Passumpsic
1134500 Moose River Victory, Vt. 8.48 8.75 5.486 .3804 8.64 0944 247 50
1134800 Kirby Brook Concord, Vt. 7.59 7.37 2714 5812 8.01 5038 1784 11
1135000 Moose River St. Johnsbury, Vt. 8.48 8.48 NA NA 8.05 NA NA 35
1135300 Sleepers River St. Johnsbury, V. 6.42 6.64 3.422 4076 7.89 3846  1.2078 10
(W-5)
1137500 Ammonoosuc Bethlehem Junction, N.H.  11.08 10.21 7.317 .2566 11.26 797 2771 50
River
1138000 Ammonoosuc Bath, N.H. 7.39 6.80 4.374 .3158 7.70 2218 1804 32
River
1139000 WellsRiver WellsRiver, Vt. 7.25 7.38 3.678 4997 7.40 2272 1943 50
1139800 East Orange East Orange, Vt. 11.08 11.78 5.724 7221 8.39 .258 2928 40
Branch
1141800 Mink Brook Etna, N.H. 7.57 8.03 2.869 .6121 8.43 2803 2485 36
1142500 Ayers Brook Randolph, V1. 851 8.83 3.363 .6538 8.37 3041 2497 49
1144000 White River West Hartford, Vt. 8.18 8.30 4.031 5142 831 2709 2129 50
1145000 MascomaRiver  West Canaan, N.H. 7.53 7.95 292 5921 8.50 4212 1803 30
1150800 Kent Brook Sherburne, Vt. 12.38 12.38 NA NA 11.44 NA NA 11
1150900 Ottauquechee West Bridgewater, Vt. 9.58 10.42 4.214 576 10.77 5203 1601 14
River
1153500 Williams River Brockways Mills, Vt. 8.54 8.63 5.283 .3567 9.37 1809 2479 36
1154000 Saxtons River Saxtons River, Vt. 7.76 811 4.675 .3558 9.65 1575 2322 34
1155000 Cold River Drewsville, N.H. 7.23 7.39 4.4 .35622 8.48 1329 2294 30
1155200  Sacketts Brook Putney, Vt. 8.97 9.20 4.216 5314 9.37 379 2.26 11
1155300 Flood Brook Londonderry, Vt. 12.29 12.29 NA NA 10.87 NA NA 12
1155500 West River Jamaica, Vt. 8.33 8.33 NA NA 9.88 NA NA 12
1156000 West River Newfane, V1. 7.49 7.49 NA NA 9.63 NA NA 12
1158500 Otter Brook Keene, N.H. 8.16 8.16 NA NA 9.33 NA NA 10
1162500 Priest Brook Winchendon, Mass. 8.42 8.43 1.034 .8149 9.07 .6024 2081 36
1165500 Maoss Brook Wendell Depot, Mass. 6.82 7.01 2.57 491 9.04 3788 1662 34
1167800 Beaver Brook Wilmington, Vt. 10.19 10.19 NA NA 1154 NA NA 14
10965852 Beaver Brook North Pelham, N.H. 6.45 6.14 -.8827  .7806 9.00 5877 1371 12
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Table 6. Summer (June 1-October 31) normalized basin-recharge rates determined from basin-specific regression equations relating
Rorabaugh-method-determined ground-water-recharge rates and basin-centroid precipitation.

[No., number; Location of stream-gaging stations are shown in figure 1 and reference numbers and descriptions of stream-gaging stations are listed in table 1;
RORA, Recession-curve-displacement computer program; in., inch; By, By, R, regression model coefficients; MSE, Mean Square Error; NA, indicates that an en-
try is not applicable on the basis of the regression analysis|

Average Normal- N(i):em:l-
drainage- ized . .
Stream- basin  drainage- drainage-  Coeffi-

. . basin- cientof  Root Years
gaging River Location (RORA) basin B B, centroid determi- MSE of
station recharge recharge L . -

precipi-  nation (in.)  record
No. rz_:\te r'c_lte tation (R)
(in/ (in/ (in/
summer) summer) summer)
1052500 Diamond River ~ Wentworth Location, N.H. 4.20 6.69 -6.493 0.5742 22.95 0.618 1621 50
1054200 Wild River Gilead, Maine 4.39 3.80 .8721 .1366 21.46 1986 1.903 34
1054300 EllisRiver South Andover, Maine 3.70 322 -5233 5112 16.54 7273 121 19
1055000 Swift River Near Roxbury, Maine 3.62 412 -4.151 4315 19.17 5708 1551 50
1057000 Little Androscog- Near South Paris, Maine 3.20 3.03 -2.049 2746 18.50 4074 1.706 50
gin River
1064300 EllisRiver Near Jackson, N.H. 10.43 9.37 1.991 2447 30.16 2204 2.733 35
1064400 Lucy Brook Near North Conway, N.H. 4.78 385 -3.944 3511 22.20 417 2.593 28
1064500 Saco River Near Conway, N.H. 521 371 -2.479 .303 20.43 5118  1.8426 50
1072850 Mohawk River Center Strafford, N.H. 1.59 1.59 NA NA 18.86 NA NA 13
1073000 Oyster River Durham, N.H. 241 278  -3.109 3422 17.20 5117 1.277 50
1073600 Dudley Brook Exeter, N.H. 0.96 145  -2.052 2 17.52 .3183 9713 24
1075000 Pemigewasset Woodstock, N.H. 557 6.21 -3.835 4407 22.80 7426 1.033 28
River
1075800 Stevens Brook Wentworth, N.H. 178 169 -3.665 .2954 18.11 .6123 8916 35
1076000 Baker River Rumney, N.H. 2.79 326 -2.682 34 17.48 .6649 9294 27
1076500 Pemigewasset Plymouth, N.H. 4.78 492 -3584 4262 19.96 .6857 1.26 50
River
1078000 Smith River Near Bristol, N.H. 3.01 387 -4.406 4417 18.74 732 9431 50
1082000 Contoocook River Peterborough, N.H. 3.16 362 -3131 .3648 18.50 7441 1.077 28
1084500 Beards Brook Hillsboro, N.H. 1.93 301 -2.795 .3045 19.06 7597 7414 21
1085800 West Branch Near Bradford, N.H. 2.73 358  -3.488 .3695 19.13 .6207  1.248 37
Warner River
1086000 Warner River Davisville, N.H. 2.25 3.09 -3.567 .367 18.15 .8079 7444 30
1089000 Soucook River Near Concord, N.H. 2.48 262  -4.009 3922 16.89 .67 9359 46
1091000  South Branch Near Goffstown, N.H. 2.29 262 -2.691 .2996 17.72 .6975 8388 29
Piscataquog River
1093800 Stony Brook Near Temple, N.H. 3.16 371 -3417 .3629 19.65 .569 1.426 35
Tributary
1097300 NashobaBrook  Near Acton, Mass. 2.72 282 -2.961 .3316 17.44 5809  1.255 35
1101000 Parker River Byfield, Mass. 3.15 395 -6.665 .6117 17.36 5716 2.359 50
1127880 Big Brook Pittsburg, N.H. 6.72 10.17  -5.646 .6609 23.94 7253 153 21
1129440 Mohawk River Near Colebrook, N.H. 4.93 545  -1.019 .2966 21.81 .6024 8687 12
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Table 6. Summer (June 1-October 31) normalized basin-recharge rates determined from basin-specific regression equations relating
Rorabaugh-method-determined ground-water-recharge rates and basin-centroid precipitation.—Continued

[No., number; Location of stream-gaging stations are shown in figure 1 and reference numbers and descriptions of stream-gaging stations are listed in table 1;
RORA, Recession-curve-displacement computer program; in., inch; By, By, R, regression mode! coefficients; MSE, Mean Square Error; NA, indicates that an en-
try is not applicable on the basis of the regression analysis]

Average Normal- Normal-
drainage- ized |_zed .
Stream- basin  drainage- drainage-  Coeffi-

. . basin- cientof Root Years
gaging River Location (RORA) basin By B, centroid determi- MSE of
station recharge recharge . . . .

precipi-  nation (in.)  record
No. ".“e r?te tation (R)
(in/ (in/ (in/
summer) summer) summer)
1130000 Upper Ammo- Near Groveton, N.H. 475 3.18 -4.27 0.3999 18.62 0.5453 1.704 48
noosuc River
1133000 East Branch East Haven, Vt. 5.93 7.40 -2.611 4871 20.55 5185 1.651 30
Passumpsic
1134500 Moose River Victory, Vt. 3.75 4.45 -3.12 .3585 21.10 4637 1.416 50
1134800 Kirby Brook Concord, V1. 1.80 3.37 -5.615 445 20.20 6717 .892 10
1135000 Moose River St. Johnsbury, Vt. 2.96 355 -3.122 331 20.16 5221 1.236 34
1135300 Sleepers River St. Johnsbury, Vt. 3.95 419 -4.096 4246 19.53 4868  1.483 10
(W-5)
1137500 Ammonoosuc Bethlehem Junction, N.H. 5.05 266  -5.726 .3485 24.06 .585 1.723 50
River
1138000  AmMMONOOSUC Bath, N.H. 2.93 238  -4312 3504  19.09 7513 7427 31
River
1139000 WeéllsRiver Wells River, V1. 333 381 -4.67 4662 18.19 7367  1.036 50
1139800 East Orange East Orange, Vt. 3.53 459  -6.549 5749 19.37 6441 1778 40
Branch
1141800 Mink Brook Etna, N.H. 2.38 367 -6.297 .5338 18.66 6616  1.364 35
1142500 Ayers Brook Randolph, V1. 3.04 3.30 -5.895 5192 17.72 .7498 1.219 49
1144000 White River West Hartford, V1. 3.26 3.26 -4.409 4458 17.20 717 1.036 50
1145000 MascomaRiver  West Canaan, N.H. 2.08 2.72 -2.943 3114 18.19 7543 .6276 29
1150800 Kent Brook Sherburne, Vt. 3.76 883  -4.667 5449 24.76 5023 1.392 10
1150900 Ottauquechee West Bridgewater, V1. 6.80 793 -3.968 5202 2287 5827 2148 14
River
1153500 Williams River Brockways Mills, Vt. 241 3.26 -3.832 .3786 18.74 .8291 7728 35
1154000 Saxtons River Saxtons River, Vt. 2.28 333 -3.767 .3687 19.25 .8514 6909 33
1155000 Cold River Drewsville, N.H. 2.02 254 -3.115 3207 17.64 .8032 .6769 29
1155200 Sacketts Brook Putney, Vt. 247 3.55 -1.687 .2835 18.46 .3769 1171 11
1155300 Flood Brook Londonderry, V1. 3.24 3.24 NA NA 22.01 NA NA 11
1155500 West River Jamaica, V1. 2.50 3.70 -4.259 397 20.04 .6241 1.144 12
1156000 West River Newfane, V1. 2.62 367 -4.649 4252 19.57 5436  1.628 12
1162500 Priest Brook Winchendon, Mass. 3.60 389 -5.896 539 18.15 7806  1.291 36
1165500 Moss Brook Wendell Depot, Mass. 2.49 2.90 -4.727 4229 18.03 7739 1.009 33
1167800 Beaver Brook Wilmington, Vt. 3.23 4.66 -3.957 3921 21.97 .697 1.364 14
10965852 Beaver Brook North Pelham, N.H. 3.18 2.92 -3.824 3797 17.76 .79 .9628 12
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Table 7. Fall (November 1-December 31) normalized basin-recharge rates determined from basin-specific regression equations relat-
ing Rorabaugh-method-determined ground-water-recharge rates and basin-centroid precipitation.

[No., number; Location of stream-gaging stations are shown in figure 1 and reference numbers and descriptions of stream-gaging stations are listed in table 1;
RORA, Recession-curve-displacement computer program,; in., inch; By, By, R, regression model coefficients; MSE, Mean Square Error]

Normal-
Average Normal- .
ized

drainage- ized Coeffi-

Strez_:\m- basin drainage- draln?ge- cient of Root Years
gaging River Location (RORA)  basin B, B, hasm_— determi- MSE of
station recharge recharge centl:m.d nation (in.)  record
No. precipi-
_ rate _ rate tation (R)
(inffall)  (in/fall) (in/fall)
1052500 Diamond River Wentworth Location, N.H. 2.95 3.84 -0.1335 0.4693 8.46 0.4945 0.9322 50
1054200 Wild River Gilead, Maine 3.52 2.93 5119 .2549 9.49 592 1.016 35
1054300 EllisRiver South Andover, Maine 3.26 3.08 -1.401 5776 7.76 7967 .9909 19
1055000 Swift River Near Roxbury, Maine 3.05 3.40 459 .3574 8.23 .5088  1.009 50
1057000 Little Androscog- Near South Paris, Maine 3.52 3.69 -.7569 .5107 8.70 .7006  1.053 50
gin River
1064300 EllisRiver Near Jackson, N.H. 451 4.24 2.013 1465 15.20 2547  1.628 35
1064400 Lucy Brook Near North Conway, N.H. 4.02 3.99 -.2369 .395 10.71 5166  1.422 28
1064500 Saco River Near Conway, N.H. 4.25 3.95 1211 .2796 9.80 2409  1.827 50
1072850 Mohawk River Center Strafford, N.H. 3.78 4.23 -2.092 .6506 9.72 7543 1325 13
1073000 Oyster River Durham, N.H. 3.76 4,02 -.9709 5611 8.90 6573  1.262 50
1073600 Dudley Brook Exeter, N.H. 2.32 2.39 -.4265 .3148 8.94 5323 112 24
1075000 Pemigewasset Woodstock, N.H. 4.20 4.00 .8289 3477 9.13 4765  1.397 28
River
1075800 Stevens Brook Wentworth, N.H. 2.30 2.36 -.0902 .3205 7.64 5451 1472 35
1076000 Baker River Rumney, N.H. 3.08 2.81 -.0581 4361 6.57 5795 .9619 27
1076500 Pemigewasset Plymouth, N.H. 3.87 4.45 1.008 3572 9.65 3701 1.29 50
River
1078000 Smith River Near Bristol, N.H. 3.13 3.58 -.0014 431 8.31 5172 1.025 50
1082000 Contoocook River Peterborough, N.H. 3.79 3.56 -.9511 .5561 8.11 4921 1584 28
1084500 Beards Brook Hillsboro, N.H. 3.55 4.35 -.6294 .5447 9.13 .6045  1.183 21
1085800 West Branch Near Bradford, N.H. 3.68 4.04 .6041 4134 8.31 5417 1.031 37
Warner River
1086000 Warner River Davisville, N.H. 3.76 4.26 -1.027 .6134 8.62 5742 149 30
1089000 Soucook River Near Concord, N.H. 3.19 2.96 -.793 5264 7.13 .567 1.157 45
1091000  South Branch Near Goffstown, N.H. 3.68 3.66 -.8575 .5386 8.39 5771 1.349 29
Piscataguog River
1093800 Stony Brook Near Temple, N.H. 4.37 4,90 -.8017 .6159 9.25 5317 1.646 36
Tributary
1097300 NashobaBrook  Near Acton, Mass. 3.59 3.82 -.4937 .5008 8.62 4494 1.709 36
1101000 Parker River Byfield, Mass. 4.26 4.84 -1.511 .698 9.09 5341 1.899 50
1127880 Big Brook Pittsburg, N.H. 3.61 4.82 -1.556 7428 8.58 7023  1.001 21
1129440 Mohawk River Near Colebrook, N.H. 3.30 4.07 .6765 4269 7.95 .3443 .7948 12
1130000 Upper Ammo- Near Groveton, N.H. 3.27 2.55 4125 301 7.09 4478 1.137 47

noosuc River
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ing Rorabaugh-method-determined ground-water-recharge rates and basin-centroid precipitation.—Continued
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Fall (November 1-December 31) normalized basin-recharge rates determined from basin-specific regression equations relat-

[No., number; Location of stream-gaging stations are shown in figure 1 and reference numbers and descriptions of stream-gaging stations are listed in table 1;
RORA, Recession-curve-displacement computer program; in., inch; By, By, R, regression model coefficients; MSE, Mean Square Error]

Average Normal- Normal-
drainage- ized |_zed Coeffi-
Stream- . . drainage- .

. basin  drainage- - cientof  Root Years
gaging River Location (RORA)  basin B, B, basin- o ormi-  MSE  of
station centroid . .

No. recharge recharge precipi- nation (in.)  record
_ rate _ rate tation (R)
(in/fall)  (in/fall) (in/fall)
1133000 East Branch East Haven, Vt. 3.65 4.26 0.2195 0.5429 7.44 05339 0.99%64 30
Passumpsic
1134500 Moose River Victory, Vt. 3.00 331 3.905 .3657 7.99 4275 .9908 50
1134800 Kirby Brook Concord, Vt. 247 2.26 -.0497 3123 7.40 4233 1.051 11
1135000 Moose River St. Johnsbury, Vt. 245 2.58 -.301 .3909 7.36 .5309 .8303 34
1135300 Sleepers River St. Johnsbury, Vt. 2.77 3.95 -.6378 .6234 7.36 .6665 .6636 11
(W-5)
1137500 Ammonoosuc Bethlehem Junction, N.H. 3.49 3.02 1.307 1586  10.79 .252 1.419 50
River
1138000 Ammonoosuc Bath, N.H. 2.68 2.21 5487 .2362 7.05 3869 1.034 31
River
1139000 WeéllsRiver Wells River, Vt. 2.66 2.85 -.0705 4294 6.81 5261 .8523 50
1139800 East Orange East Orange, Vt. 3.28 3.58 .5834 4097 7.32 2833  1.485 41
Branch
1141800 Mink Brook Etna, N.H. 2.81 2.99 1312 4034 7.09 4205 116 36
1142500 Ayers Brook Randolph, Vt. 3.06 3.33 -.979 .5921 7.28 .616 1.033 49
1144000 White River West Hartford, V1. 3.22 3.37 -.104 AT75 7.28 .5852 .8836 50
1145000 MascomaRiver  West Canaan, N.H. 2.63 2.63 -.5159 4389 7.17 .6086 .8666 29
1150800 Kent Brook Sherburne, V1. 5.67 6.06 2174 4084 9.53 .7026 7937 10
1150900 Ottauquechee West Bridgewater, V1. 4.59 5.22 4852 .5278 8.98 3392 1.028 14
River
1153500 Williams River Brockways Mills, Vt. 2.79 2.82 -.5874 4389 7.76 .6414 .9479 35
1154000 Saxtons River Saxtons River, Vt. 3.03 3.23 -.9633 .5224 8.03 .6564  1.084 33
1155000 Cold River Drewsville, N.H. 2.70 244 -.9445 4936 6.85 .7058 .8244 29
1155200 Sacketts Brook Putney, Vt. 321 2.81 -.6236 4432 7.76 6091 1.263 11
1155300 Flood Brook Londonderry, V1. 4.30 4.08 .3825 4159 8.90 5501 1.188 11
1155500 West River Jamaica, V1. 3.15 344 -1.327 .5824 8.19 .8769 .5679 12
1156000 West River Newfane, V1. 3.02 2.99 -2.857 7347 7.95 .8399 .8361 12
1162500 Priest Brook Winchendon, Mass. 3.84 3.73 -1.556 .6856 7.72 6154 1412 36
1165500 Moss Brook Wendell Depot, Mass. 2.95 2.96 -.9453 .52 7.52 5741 1.157 33
1167800 Beaver Brook Wilmington, Vt. 472 4.95 -.354 .5386 9.84 .627 1.483 14
10965852 Beaver Brook North Pelham, N.H. 3.95 459 -5126 .6086 8.39 3561  1.647 12
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Table 9.

data and regression-equation predicted values for the annual period (January 1-December 31).

[No., number; fig., figure; in., inch; --, no data)

Ground-water-recharge statistics, standard error of prediction, and 90-percent prediction interval estimated using available

90-percent
Annual o
Stream- (January 1-December 31) prediction
gaging intervals
station s‘;e?:' Latitude Longitude Normal-
refer- gtaiiog (decimal (decimal River name Location ized Equation- Standard
ence No. degrees) degrees) basin- predicted errorof  Upper Lower
No. recharge value  predic- (in.) (in.)
(fig. 1) estimate  (in.) tion
(in.)
1 1052500 44.8778 71.0569 Diamond River Wentworth Location, N.H.  23.1 229 2.59 27.2 185
2 1054200 44.3908 70.9797 Wild River Gilead, Maine 20.7 218 2.61 26.1 174
3 1054300 44.5936 70.7336 EllisRiver South Andover, Maine 18.2 17.0 2.62 214 12.7
4 1055000 44.6422 70.5881 Swift River Near Roxbury, Maine 19.6 17.3 2.68 218 12.8
5 1057000 44.3033 70.5394 Little Androscog- Near South Paris, Maine 18.3 20.8 2.58 25.1 16.5
gin River
6 1064300 44.2200 71.2500 EllisRiver Near Jackson, N.H. 30.0 32.8 3.30 38.4 27.3
7 1064400 44.0694 71.1750 Lucy Brook Near North Conway, N.H. 24.9 22.2 2.73 26.8 17.7
8 1064500 43.9908 71.0914 Saco River Near Conway, N.H. 240 221 2.61 26.5 17.7
9 1072850 43.2631 71.0972 Mohawk River Center Strafford, N.H. 239 224 2.59 26.8 181
10 1073000 43.1486 70.9656 Oyster River Durham, N.H. 20.7 204 2,57 24.7 16.1
11 1073600 42.9936 71.0233 Dudley Brook Exeter, N.H. -- -- -- -- --
12 1075000 43.9761 71.6800 Pemigewasset Woodstock, N.H. 26.2 20.6 2.67 25.1 16.1
River
13 1075800 43.8367 71.8853 StevensBrook Wentworth, N.H. 12.3 16.8 2.65 213 124
14 1076000 43.7961 71.8450 Baker River Rumney, N.H. 17.0 17.7 2.61 22.0 133
15 1076500 43.7592 71.6861 Pemigewasset Plymouth, N.H. 22.1 22.1 2.59 26.5 17.8
River
16 1078000 435675 71.7483 Smith River Near Bristol, N.H. 21.0 19.9 2.58 24.3 15.6
17 1082000 42.8625 71.9597 Contoocook River Peterborough, N.H. 21.3 20.1 257 24.4 15.8
18 1084500 43.1142 71.9267 BeardsBrook Hillsboro, N.H. 22.9 21.7 2.58 26.1 174
19 1085800 43.2592 72.0264 West Branch Near Bradford, N.H. 22.7 235 2.65 27.9 19.0
Warner River
20 1086000 43.2517 71.7317 Warner River Davisville, N.H. 240 204 2.57 24.7 16.1
21 1089000 43.2394 71.4622 Soucook River Near Concord, N.H. 16.4 17.7 2.60 221 13.4
22 1091000 43.0136 71.6419 South Branch Near Goffstown, N.H. 20.0 18.9 2.59 233 14.6
Piscataquog River
23 1093800 42.8600 71.8333 Stony Brook Near Temple, N.H. 251 24.2 2.64 28.7 19.8
Tributary
24 10965852 42.7831 71.3539 Beaver Brook North Pelham, N.H. 19.9 21.7 2.60 26.0 17.3
25 1097300 425108 71.4069 NashobaBrook  Near Acton, Mass. 20.1 23.2 2.66 277 18.7
26 1101000 42.7528 70.9461 Parker River Byfield, Mass. 26.1 24.0 2.70 285 195
27 1127880 45.1350 71.2064 Big Brook Pittsburg, N.H. 28.9 25.3 2.69 29.8 20.8
28 1129440 44.8744 714106 Mohawk River Near Colebrook, N.H. 19.2 215 2.58 25.8 17.2
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Table9. Ground-water-recharge statistics, standard error of prediction, and 90-percent prediction interval estimated using available
data and regression-equation predicted values for the annual period (January 1-December 31).—Continued

[No., number; fig., figure; in., inch; --, no data)

90-percent
Annual ..
Stream- (January 1-December 31) p_redlctlon
gaging intervals
station St;e?:- Latitude Longitude Normal-
refer- gta!:iog (decimal (decimal River name Location ized Equation- Standard
ence No.  dedrees) degrees) basin- predicted errorof  Upper Lower
No. recharge value  predic- (in.) (in.)
(fig. 1) estimate  (in.) tion
(in.)
29 1130000 44.6250 71.4694 Upper Ammo- Near Groveton, N.H. 20.7 17.9 2.59 22.3 13.6
noosuc River
30 1133000 44.6339 71.8981 East Branch East Haven, Vt. 271 20.9 2.59 25.3 16.5
Passumpsic
31 1134500 445117 71.8369 Moose River Victory, Vt. 18.6 219 2.59 26.3 17.6
32 1134800 44.4419 71.8792 Kirby Brook Concord, V1. - -- - - --
33 1135000 44.4228 72.0006 Moose River St. Johnsbury, Vt. 16.7 20.1 2.58 24.4 15.7
34 1135300 44.4344 72.0394 SleepersRiver St. Johnsbury, Vit. -- -- - - -
(W-5)
35 1137500 44.2689 71.6311 Ammonoosuc Bethlehem Junction, N.H. 20.6 24.7 2.7 29.3 20.2
River
36 1138000 44.1539 71.9861 Ammonoosuc Bath, N.H. 13.9 17.3 261 21.7 12.9
River
37 1139000 44.1508 72.0653 WellsRiver WellsRiver, Vt. 16.0 18.2 2.60 22.6 13.8
38 1139800 44.0928 72.3361 East Orange East Orange, Vt. 24.2 21.7 2.63 26.1 17.2
Branch
39 1141800 43.7022 72.1875 Mink Brook Etna, N.H. 19.3 19.0 2.58 234 14.7
40 1142500 43.9344 72.6583 AyersBrook Randolph, Vt. 211 19.9 2.60 24.2 155
41 1144000 43.7142 724186 WhiteRiver West Hartford, Vt. 195 189 2.59 233 14.6
42 1145000 43.6500 72.0806 MascomaRiver West Canaan, N.H. 16.5 17.7 2.60 221 13.3
43 1150800 43.6733 72.8092 Kent Brook Sherburne, V1. -- -- - - -
1150900 43.6222 72.7594 Ottauquechee West Bridgewater, Vt. 318 25.8 2.68 30.3 21.3
River
45 1153500 43.2086 725181 Williams River Brockways Mills, Vt. 19.6 20.7 257 25.1 16.4
46 1154000 43.1372 72.4881 SaxtonsRiver Saxtons River, Vt. 20.6 21.2 257 255 16.9
47 1155000 43.1317 72.3897 Cold River Drewsville, N.H. 16.2 17.3 261 21.7 129
48 1155200 42.9992 725331 Sacketts Brook Putney, Vt. -- -- - - -
49 1155300 43.2364 72.8564 Flood Brook Londonderry, Vt. -- -- - - -
50 1155500 43.1089 72.7758 West River Jamaica, Vt. 19.6 21.8 2.58 26.1 175
51 1156000 42.9958 72.6389 West River Newfane, Vt. 17.9 21.2 257 255 16.9
52 1158500 42.9653 72.2333 Otter Brook Keene, N.H. -- -- - - -
53 1162500 42.6825 72.1156 Priest Brook Winchendon, Mass. 21.7 194 2.58 237 15.1
54 1165500 42.6028 72.3600 Moss Brook Wendell Depot, Mass. 18.3 16.2 274 20.8 11.6
55 1167800 42.8606 72.8511 Beaver Brook Wilmington, Vt. 28.1 25.7 2.67 30.2 21.2
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Table 10. Ground-water-recharge statistics, standard error of prediction, and 90-percent prediction interval estimated using available

data and regression-equation predicted values for the winter (January 1-March 15).

[No., number; fig., figure; in., inch]

Winter 90-percent
Stream- (January 1-March 15) prediction
gaging intervals
station "™ |atitude  Longitude Normal-
refer- 3299 (jocimal (decimal River name Location ized  Equation-
station . quation- - oo ndard
ence No. degrees) degrees) basin- predicted Upper Lower
No. recharge  value error ?f (in)  (in.)
(fig. 1) estimate  (in.) prediction
(in.)
1 1052500 44.8778 71.0569 Diamond River Wentworth Location, N.H. 3.07 2.31 0.68 3.45 1.16
2 1054200 44.3908 70.9797 Wild River Gilead, Maine 4.15 3.92 .66 5.03 2.81
3 1054300 445936 70.7336 EllisRiver South Andover, Maine 3.35 3.60 .65 470 250
4 1055000 44.6422 70.5881 Swift River Near Roxbury, Maine 3.00 284 .67 3.97 171
5 1057000 44.3033 70.5394 Little Androscog- Near South Paris, Maine 371 453 .65 5.62 343
gin River
6 1064300 44.2200 71.2500 EllisRiver Near Jackson, N.H. 3.92 3.70 .76 497 2.43
7 1064400 44.0694 71.1750 Lucy Brook Near North Conway, N.H. 4.54 4.22 .70 5.40 3.03
8 1064500 43.9908 71.0914 Saco River Near Conway, N.H. 4.21 4.24 .67 5.36 312
9 1072850 43.2631 71.0972 Mohawk River Center Strafford, N.H. 5.43 5.42 .66 6.53 4.31
10 1073000 43.1486 70.9656 Oyster River Durham, N.H. 5.90 5.39 .66 6.51  4.28
11 1073600 42.9936 71.0233 Dudley Brook Exeter, N.H. 3.95 5.65 .67 6.77 453
12 1075000 439761 71.6800 Pemigewasset Woodstock, N.H. 343 411 .68 5.26 2.97
River
13 1075800 43.8367 71.8853 StevensBrook Wentworth, N.H. 3.01 3.72 .66 4.82 2.61
14 1076000 43.7961 71.8450 Baker River Rumney, N.H. 3.00 474 .65 5.84 3.65
15 1076500 43.7592 71.6861 Pemigewasset Plymouth, N.H. 3.65 3.82 .65 491 273
River
16 1078000 43.5675 71.7483 Smith River Near Bristol, N.H. 4.08 441 .65 5.50 3.32
17 1082000 42.8625 71.9597 Contoocook River Peterborough, N.H. 5.07 5.12 .66 6.22 4,01
18 1084500 43.1142 719267 Beards Brook Hillsboro, N.H. 4.66 5.18 .66 6.28 4.07
19 1085800 43.2592 72.0264 West Branch Near Bradford, N.H. 5.40 571 .67 6.83 4.58
Warner River
20 1086000 43.2517 71.7317 Warner River Davisville, N.H. 4.94 4.44 .65 554 334
21 1089000 43.2394 71.4622 Soucook River Near Concord, N.H. 4.32 411 .66 5.22 3.00
22 1091000 43.0136 71.6419 South Branch Near Goffstown, N.H. 541 453 .66 564  3.42
Piscataquog River
23 1093800 42.8600 71.8333 Stony Brook Near Temple, N.H. 6.14 6.06 .67 720 493
Tributary
24 10965852 42.7831 71.3539 Beaver Brook North Pelham, N.H. 6.71 5.73 .67 6.85 4.62
25 1097300 425108 71.4069 NashobaBrook  Near Acton, Mass. 6.71 6.58 .69 7.74 5.42
26 1101000 42.7528 70.9461 Parker River Byfield, Mass. 7.82 7.07 71 8.26 5.88
27 1127880 45.1350 71.2064 Big Brook Pittsburg, N.H. 4.47 3.78 .75 5.04 2.53
28 1129440 44.8744 71.4106 Mohawk River Near Colebrook, N.H. 4.10 3.40 .67 453 2.27
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Table 10. Ground-water-recharge statistics, standard error of prediction, and 90-percent prediction interval estimated using available
data and regression-equation predicted values for the winter (January 1-March 15).—Continued

[No., number; fig., figure; in., inch]

Winter 90-p(_arc_ent
Stream- (January 1-March 15) p_redlctlon
gaging intervals
station Stream- Latitude Longitude Normal-
refer- gag!ng (decimal (decimal River name Location ized Eguation-
station . quation- - g - ndard
ence No.  dedrees) degrees) basin- predicted Upper Lower
No. recharge  value error ‘.ﬂ (in.) (in.)
(fig. 1) estimate  (in.) prediction
(in.)
29 1130000 44.6250 71.4694 Upper Ammo- Near Groveton, N.H. 3.27 3.24 0.65 4.34 2.14
noosuc River
30 1133000 44.6339 71.8981 East Branch East Haven, Vt. 341 3.83 .67 497 2.70
Passumpsic
31 1134500 44.5117 71.8369 Moose River Victory, Vt. 3.39 3.97 .66 5.07 2.87
32 1134800 44.4419 71.8792 Kirby Brook Concord, Vt. 2.30 3.25 .65 4.35 2.15
33 1135000 44.4228 72.0006 Moose River St. Johnsbury, Vt. 2.73 3.35 .66 4.45 2.24
34 1135300 44.4344 72.0394 SleepersRiver St. Johnsbury, Vit. 3.43 3.37 .66 4.48 2.27
(W-5)
35 1137500 44.2689 71.6311 Ammonoosuc Bethlehem Junction, N.H. 3.32 3.19 .67 4.31 2.07
River
36 1138000 44.1539 71.9861 Ammonoosuc Bath, N.H. 2.47 2.94 .67 4,07 181
River
37 1139000 44.1508 72.0653 WellsRiver WellsRiver, Vt. 3.05 3.04 .67 4.16 191
38 1139800 44.0928 72.3361 East Orange East Orange, Vt. 3.88 4,00 .68 5.14 2.87
Branch
39 1141800 43.7022 72.1875 Mink Brook Etna, N.H. 4.09 4.12 .65 521 3.04
40 1142500 43.9344 72.6583 AyersBrook Randolph, V1. 4.40 3.96 .66 5.07 2.86
41 1144000 43.7142 72.4186 WhiteRiver West Hartford, Vt. 4.01 3.40 .66 451 2.29
42 1145000 43.6500 72.0806 MascomaRiver  West Canaan, N.H. 3.20 3.67 .66 477 2.57
43 1150800 43.6733 72.8092 Kent Brook Sherburne, V1. 4.15 5.56 71 6.75 4.37
1150900 43.6222 72.7594 Ottauquechee West Bridgewater, Vt. 7.51 5.23 .70 6.41 4.06
River
45 1153500 43.2086 72.5181 WilliamsRiver Brockways Mills, V1. 4.45 411 .65 5.20 3.02
46 1154000 43.1372 72.4881 SaxtonsRiver Saxtons River, Vt. 472 4.21 .65 5.30 3.13
47 1155000 43.1317 72.3897 Cold River Drewsville, N.H. 3.59 4.08 .66 5.19 2.96
48 1155200 42.9992 72.5331 Sacketts Brook Putney, Vt. 4.37 454 .65 5.64 3.45
49 1155300 43.2364 72.8564 Flood Brook Londonderry, Vt. 4,01 5.13 .67 6.25 4,01
50 1155500 43.1089 72.7758 West River Jamaica, Vt. 4.26 4.47 .65 5.56 3.37
51 1156000 42.9958 72.6389 West River Newfane, Vt. 3.94 4.20 .65 5.28 311
52 1158500 42.9653 72.2333 Otter Brook Keene, N.H. 5.56 4.47 .65 5.56 3.37
53 1162500 42.6825 72.1156 Priest Brook Winchendon, Mass. 5.74 4.48 .65 5.57 3.38
54 1165500 42.6028 72.3600 Maoss Brook Wendell Depot, Mass. 491 4.03 .68 5.18 2.89
55 1167800 42.8606 72.8511 Beaver Brook Wilmington, Vt. 4.85 6.22 .72 7.43 5.01
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Table 11. Ground-water-recharge statistics, standard error of prediction, and 90-percent prediction interval estimated using available
data and regression-equation predicted values for the spring (March 16—May 31).

[No., number; fig., figure; in., inch]

Spring 90-percent
Stream- (March 16-May 31) prediction
gaging intervals
station U™ atitude Longitude Normal-
refer- 929 (4ecimal (decimal River name Location ized Equation-
station . quation- - g andard
ence No. degrees) degrees) basin- predicted Upper Lower
No. recharge value error ?f (in.) (in.)
(fig. 1) estimate  (in.) prediction
(in.)
1 1052500 44.8778 71.0569 Diamond River Wentworth Location, N.H.  12.1 104 115 123 8.43
2 1054200 44.3908 70.9797 Wild River Gilead, Maine 10.0 9.43 1.10 11.3 7.59
3 1054300 445936 70.7336 EllisRiver South Andover, Maine 10.0 9.49 1.09 11.3 7.66
4 1055000 44.6422 70.5881 Swift River Near Roxbury, Maine 10.2 10.1 112 12.0 8.24
5 1057000 44.3033 70.5394 Little Androscog- Near South Paris, Maine 8.65 8.08 1.09 9.91 6.26
gin River
6 1064300 44.2200 71.2500 EllisRiver Near Jackson, N.H. 133 14.2 1.30 164 12.0
7 1064400 44.0694 71.1750 Lucy Brook Near North Conway, N.H.  10.5 9.60 116 115 7.64
8 1064500 43.9908 71.0914 Saco River Near Conway, N.H. 11.7 10.2 111 121 8.37
9 1072850 43.2631 71.0972 Mohawk River Center Strafford, N.H. 7.61 8.39 1.09 10.2 6.55
10 1073000 43.1486 70.9656 Oyster River Durham, N.H. 7.61 7.25 1.10 9.09 541
11 1073600 42.9936 71.0233 Dudley Brook Exeter, N.H. 5.16 7.33 1.10 9.18 5.48
12 1075000 43.9761 71.6800 Pemigewasset Woodstock, N.H. 13.7 10.9 114 128 8.96
River
13 1075800 43.8367 71.8853 StevensBrook Wentworth, N.H. 6.03 7.61 1.10 9.47 5.76
14 1076000 43.7961 71.8450 Baker River Rumney, N.H. 8.74 8.58 1.09 104 6.76
15 1076500 43.7592 71.6861 Pemigewasset Plymouth, N.H. 104 9.06 1.09 10.9 7.23
River
16 1078000 43.5675 71.7483 Smith River Near Bristol, N.H. 8.86 8.49 1.08 10.3 6.67
17 1082000 42.8625 71.9597 Contoocook River Peterborough, N.H. 8.38 7.80 1.09 9.63 5.97
18 1084500 43.1142 71.9267 BeardsBrook Hillsboro, N.H. 9.10 8.33 1.09 101 6.51
19 1085800 43.2592 72.0264 West Branch Near Bradford, N.H. 9.38 9.07 111 10.9 7.20
Warner River
20 1086000 43.2517 71.7317 Warner River Davisville, N.H. 104 7.82 1.08 9.64 6.00
21 1089000 43.2394 71.4622 Soucook River Near Concord, N.H. 6.55 6.95 1.10 8.79 511
22 1091000 43.0136 71.6419 South Branch Near Goffstown, N.H. 7.99 7.36 1.10 9.21 5.52
Piscataquog River
23 1093800 42.8600 71.8333 Stony Brook Near Temple, N.H. 9.34 8.80 111 10.7 6.94
Tributary
24 10965852 42.7831 71.3539 Beaver Brook North Pelham, N.H. 6.14 7.59 1.10 9.44 5.75
25 1097300 425108 71.4069 Nashoba Brook Near Acton, Mass. 6.66 7.53 112 941 5.65
26 1101000 42.7528 70.9461 Parker River Byfield, Mass. 8.77 7.81 113 9.71 5.90
27 1127880 45.1350 71.2064 Big Brook Pittsburg, N.H. 124 12.9 124 15.0 10.9

28 1129440 44.8744 71.4106 Mohawk River Near Colebrook, N.H. 6.99 8.77 1.09 10.6 6.94
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Ground-water-recharge statistics, standard error of prediction, and 90-percent prediction interval estimated using available
data and regression-equation predicted values for the spring (March 16-May 31).—Continued

Spring 90-p(_erc_ent
Stream- (March 16-May 31) p_redlcllon
gaging intervals
station Stream- Latitude Longitude Normal-
refer- gag!ng (decimal (decimal River name Location ized Eguation-
station . quation- - o ndard
ence No.  dedrees) degrees) basin- predicted Upper Lower
No. recharge  value error 9' (in.) (in.)
(fig. 1) estimate  (in.) prediction
(in.)
29 1130000 44.6250 71.4694 Upper Ammo- Near Groveton, N.H. 10.3 9.26 111 111 7.40
noosuc River
30 1133000 44.6339 71.8981 East Branch East Haven, Vt. 10.8 9.54 111 114 7.68
Passumpsic
31 1134500 44.5117 71.8369 Moose River Victory, Vt. 8.75 9.29 1.10 111 7.44
32 1134800 44.4419 718792 Kirby Brook Concord, Vt. 7.37 7.44 111 9.30 5.58
33 1135000 44.4228 72.0006 Moose River St. Johnsbury, Vt. 8.48 8.15 111 10.0 6.29
34 1135300 44.4344 72.0394 SleepersRiver St. Johnsbury, Vt. 6.64 8.33 111 10.2 6.47
(W-5)
35 1137500 44.2689 71.6311 Ammonoosuc Bethlehem Junction, N.H.  10.2 11.0 1.16 13.0 9.1
River
36 1138000 44.1539 71.9861 Ammonoosuc Bath, N.H. 6.80 8.02 1.13 9.92 6.12
River
37 1139000 44.1508 72.0653 WellsRiver Wells River, Vt. 7.38 7.13 1.13 9.03 5.24
38 1139800 44.0928 72.3361 East Orange East Orange, Vt. 11.8 8.83 111 10.7 6.97
Branch
39 1141800 43.7022 72.1875 Mink Brook Etna, N.H. 8.03 7.44 1.09 9.26 5.61
40 1142500 43.9344 72.6583 AyersBrook Randolph, Vt. 8.83 8.16 1.09 10.0 6.32
41 1144000 43.7142 72.4186 White River West Hartford, V1. 8.30 8.06 1.09 9.90 6.23
42 1145000 43.6500 72.0806 MascomaRiver West Canaan, N.H. 7.95 7.37 1.09 9.20 5.53
43 1150800 43.6733 72.8092 Kent Brook Sherburne, V1. 124 11.6 1.17 13.6 9.67
44 1150900 43.6222 72.7594 Ottaugquechee West Bridgewater, Vt. 104 115 1.17 135 9.58
River
45 1153500 43.2086 72.5181 WilliamsRiver Brockways Mills, V1. 8.63 8.27 1.08 10.1 6.46
46 1154000 43.1372 72.4881 SaxtonsRiver Saxtons River, Vt. 8.11 8.56 1.08 104 6.74
47 1155000 43.1317 72.3897 Cold River Drewsville, N.H. 7.39 7.15 1.10 8.99 5.31
48 1155200 429992 72.5331 Sacketts Brook Putney, Vt. 9.20 8.05 1.09 9.87 6.22
49 1155300 43.2364 72.8564 Flood Brook Londonderry, Vt. 12.3 10.3 111 12.2 8.47
50 1155500 43.1089 72.7758 West River Jamaica, Vt. 8.33 9.42 1.09 11.3 7.59
51 1156000 429958 72.6389 West River Newfane, Vt. 7.49 9.08 1.08 10.9 7.26
52 1158500 42.9653 72.2333 Otter Brook Keene, N.H. 8.16 7.90 1.08 9.72 6.08
53 1162500 42.6825 72.1156 Priest Brook Winchendon, Mass. 8.43 7.30 1.09 9.14 5.47
54 1165500 42.6028 72.3600 Moss Brook Wendell Depot, Mass. 7.01 6.60 1.17 8.57 4.63
55 1167800 42.8606 72.8511 Beaver Brook Wilmington, Vt. 10.2 10.7 1.18 12.7 8.76
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Table 12. Ground-water-recharge statistics, standard error of prediction, and 90-percent prediction interval estimated using available

data and regression-equation predicted values for the summer (June 1-October 31).

[No., number; fig., figure; in., inch; --, no data)

Summer 90-percent
Stream- (June 1-October 31) prediction
gaging intervals
station U™ atitude Longitude Normal-
refer- 929 (4ecimal (decimal River name Location ized Equation-
station . quation- o4 ndard
ence No. degrees) degrees) basin- predicted Upper Lower
No. recharge value error.of (in.) (in.)
(fig. 1) estimate  (in.) predic-
(in.) tion
1 1052500 44.8778 71.0569 Diamond River Wentworth Location, N.H. 6.69 4.57 1.10 6.41 2.72
2 1054200 44.3908 70.9797 Wild River Gilead, Maine 3.80 4.88 1.04 6.62 3.14
3 1054300 44.5936 70.7336 EllisRiver South Andover, Maine 3.22 3.91 1.05 5.67 2.15
4 1055000 44.6422 70.5881 Swift River Near Roxbury, Maine 412 4.92 111 6.78 3.06
5 1057000 44.3033 70.5394 Little Androscog- Near South Paris, Maine 3.03 3.86 1.02 5.58 214
gin River
6 1064300 44.2200 71.2500 EllisRiver Near Jackson, N.H. 9.37 7.57 111 9.44 5.70
7 1064400 44.0694 71.1750 Lucy Brook Near North Conway, N.H. 3.85 4.65 1.07 6.44 2.85
8 1064500 43.9908 71.0914 Saco River Near Conway, N.H. 371 4.32 1.03 6.06 2.59
9 1072850 43.2631 71.0972 Mohawk River Center Strafford, N.H. 1.59 2.07 111 3.93 .20
10 1073000 43.1486 70.9656 Oyster River Durham, N.H. 2.78 1.69 1.06 3.47 .00
11 1073600 42.9936 71.0233 Dudley Brook Exeter, N.H. 145 247 1.05 4.23 71
12 1075000 43.9761 71.6800 Pemigewasset Woodstock, N.H. 6.21 4.70 1.04 6.44 2.96
River
13 1075800 43.8367 71.8853 StevensBrook Wentworth, N.H. 1.69 2.77 1.05 4.54 1.00
14 1076000 43.7961 71.8450 Baker River Rumney, N.H. 3.26 3.27 1.03 5.01 153
15 1076500 43.7592 71.6861 Pemigewasset Plymouth, N.H. 4.92 3.01 104 4.75 1.26
River
16 1078000 435675 71.7483 Smith River Near Bristol, N.H. 3.87 3.47 1.03 5.19 174
17 1082000 42.8625 71.9597 Contoocook River Peterborough, N.H. 3.62 311 1.03 4.84 1.39
18 1084500 43.1142 719267 BeardsBrook Hillsboro, N.H. 3.01 2.69 1.03 4.42 .96
19 1085800 43.2592 72.0264 West Branch Near Bradford, N.H. 3.58 3.87 1.06 5.66 2.09
Warner River
20 1086000 43.2517 71.7317 Warner River Davisville, N.H. 3.09 242 1.03 4.15 .69
21 1089000 43.2394 71.4622 Soucook River Near Concord, N.H. 2.62 2.11 1.04 3.85 37
22 1091000 43.0136 71.6419 South Branch Near Goffstown, N.H. 2.62 2.46 1.03 4.19 .73
Piscataquog River
23 1093800 42.8600 71.8333 Stony Brook Near Temple, N.H. 3.71 3.57 104 5.31 1.82
Tributary
24 10965852 42.7831 71.3539 Beaver Brook North Pelham, N.H. 2.92 2.78 1.07 4.57 .99
25 1097300 425108 71.4069 NashobaBrook  Near Acton, Mass. 2.82 231 1.07 412 .51
26 1101000 42.7528 70.9461 Parker River Byfield, Mass. 3.95 241 1.09 4.24 .58
27 1127880 45.1350 71.2064 Big Brook Pittsburg, N.H. 10.2 7.60 114 9.52 5.68
28 1129440 44.8744 714106 Mohawk River Near Colebrook, N.H. 5.45 6.07 1.07 7.87 4.27
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Table 12. Ground-water-recharge statistics, standard error of prediction, and 90-percent prediction interval estimated using available
data and regression-equation predicted values for the summer (June 1-October 31).—Continued

[No., number; fig., figure; in., inch; --, no data)

Summer 90-p(_erc_ent
Stream- (June 1-October 31) p_redlctlon
gaging intervals
station Stream- Latitude Longitude Normal-
refer- gag!ng (decimal (decimal River name Location ized Equation-
station . quation- o, hdard
ence No.  dedrees) degrees) basin- predicted Upper Lower
No. recharge value error_of (in.) (in.)
(fig. 1) estimate  (in.) pr(_edlc-
(in) tion
29 1130000 44.6250 71.4694 Upper Ammo- Near Groveton, N.H. 3.18 453 1.03 6.27 2.80
noosuc River
30 1133000 44.6339 71.8981 East Branch East Haven, Vt. 7.40 5.92 1.06 7.69 4.15
Passumpsic
31 1134500 445117 71.8369 MooseRiver Victory, Vt. 4.45 5.40 1.04 7.14 3.65
32 1134800 44.4419 718792 Kirby Brook Concord, Vt. 3.37 3.89 1.04 5.63 2.15
33 1135000 44.4228 72.0006 Moose River St. Johnsbury, Vt. 3.55 3.88 1.03 5.60 2.15
34 1135300 44.4344 72.0394 SleepersRiver St. Johnsbury, Vt. 4.19 4,04 1.04 5.78 2.30
(W-5)
35 1137500 44.2689 71.6311 Ammonoosuc Bethlehem Junction, N.H. 2.66 5.19 1.04 6.93 3.44
River
36 1138000 44.1539 71.9861 Ammonoosuc Bath, N.H. 2.38 3.00 1.05 4,75 124
River
37 1139000 44.1508 72.0653 WellsRiver Wells River, Vt. 3.81 3.40 1.04 5.15 1.66
38 1139800 44.0928 72.3361 East Orange East Orange, Vt. 4.59 4.96 1.03 6.69 3.23
Branch
39 1141800 43.7022 72.1875 Mink Brook Etna, N.H. 3.67 3.93 1.03 5.67 2.20
40 1142500 43.9344 72.6583 AyersBrook Randolph, Vt. 3.30 3.16 1.04 491 141
41 1144000 43.7142 72.4186 White River West Hartford, V1. 3.26 3.05 1.05 4.81 1.28
42 1145000 43.6500 72.0806 MascomaRiver West Canaan, N.H. 2.72 3.24 1.02 4,96 152
43 1150800 43.6733 72.8092 Kent Brook Sherburne, Vt. 8.83 7.21 117 9.18 5.24
44 1150900 43.6222 72.7594 Ottaugquechee West Bridgewater, Vt. 7.93 6.33 1.12 8.21 4.46
River
45 1153500 43.2086 725181 WilliamsRiver Brockways Mills, V1. 3.26 3.36 1.03 5.09 1.62
46 1154000 43.1372 72.4881 SaxtonsRiver Saxtons River, Vt. 3.33 3.58 1.02 5.30 1.86
47 1155000 43.1317 72.3897 Cold River Drewsville, N.H. 2.54 2.40 1.03 4.13 0.66
48 1155200 429992 72.5331 Sacketts Brook Putney, Vt. 3.55 3.30 1.04 5.06 155
49 1155300 43.2364 72.8564 Flood Brook Londonderry, Vt. 324 5.42 1.07 7.22 3.63
50 1155500 43.1089 72.7758 West River Jamaica, Vt. 3.70 4.74 1.04 6.49 2.99
51 1156000 42.9958 72.6389 West River Newfane, Vt. 3.67 4.00 1.04 575 2.24
52 1158500 42.9653 72.2333 Otter Brook Keene, N.H. -- -- - - --
53 1162500 42.6825 72.1156 Priest Brook Winchendon, Mass. 3.89 2.87 1.03 4.60 1.15
54 1165500 42.6028 72.3600 MossBrook Wendell Depot, Mass. 2.90 3.10 1.03 4.83 1.37
55 1167800 42.8606 72.8511 Beaver Brook Wilmington, Vt. 4.66 5.96 111 7.83 4.09
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Table 13. Ground-water-recharge statistics, standard error of prediction, and 90-percent prediction interval estimated using available
data and regression-equation predicted values for the fall (November 1-December 31).

[No., number, fig., figure; in., inch; --, no data]

90-percent
Fall -
Stream- (November 1-December 31) prediction
gaging intervals
station U™ atitude Longitude Normal-
refer- 929 (4ecimal (decimal River name Location ized Equation-
station . quation- g andard
ence No. degrees) degrees) basin- predicted Upper Lower
No. recharge value error 9' (in.) (in.)
(fig. 1) estimate  (in.) prediction
(in.)
1 1052500 44.8778 71.0569 Diamond River Wentworth Location, N.H. 3.84 3.64 0.56 458 2.70
2 1054200 44.3908 70.9797 Wild River Gilead, Maine 2.93 3.60 .57 455 2.64
3 1054300 445936 70.7336 EllisRiver South Andover, Maine 3.08 315 .56 4.09 221
4 1055000 44.6422 70.5881 Swift River Near Roxbury, Maine 3.40 2.72 .58 3.69 1.75
5 1057000 44.3033 70.5394 Little Androscog- Near South Paris, Maine 3.69 3.90 .56 4.85 2.96
gin River
6 1064300 44.2200 71.2500 EllisRiver Near Jackson, N.H. 4.24 5.24 71 6.43 4.06
7 1064400 44.0694 71.1750 Lucy Brook Near North Conway, N.H. 3.99 353 .59 453 2.53
8 1064500 43.9908 71.0914 Saco River Near Conway, N.H. 3.95 3.77 57 4.72 2381
9 1072850 43.2631 71.0972 Mohawk River Center Strafford, N.H. 4.23 431 .57 5.27 3.35
10 1073000 43.1486 70.9656 Oyster River Durham, N.H. 4.02 3.97 .56 4.92 3.03
11 1073600 42.9936 71.0233 Dudley Brook Exeter, N.H. 2.39 3.85 .56 4,79 2.91
12 1075000 43.9761 71.6800 Pemigewasset Woodstock, N.H. 4.00 2.97 .58 3.95 1.99
River
13 1075800 43.8367 71.8853 StevensBrook Wentworth, N.H. 2.36 271 57 3.67 1.75
14 1076000 43.7961 71.8450 Baker River Rumney, N.H. 281 3.00 .57 3.95 2.05
15 1076500 43.7592 71.6861 Pemigewasset Plymouth, N.H. 4.45 3.96 57 491 3.01
River
16 1078000 43.5675 71.7483 Smith River Near Bristol, N.H. 3.58 3.38 .56 4.32 244
17 1082000 42.8625 71.9597 Contoocook River Peterborough, N.H. 3.56 334 .56 4.28 2.40
18 1084500 43.1142 719267 BeardsBrook Hillsboro, N.H. 4.35 391 .56 4.86 2.97
19 1085800 43.2592 72.0264 West Branch Near Bradford, N.H. 4.04 4.19 57 5.15 3.22
Warner River
20 1086000 43.2517 71.7317 Warner River Davisville, N.H. 4.26 3.60 .56 454 2.66
21 1089000 43.2394 71.4622 Soucook River Near Concord, N.H. 2.96 3.10 .56 4.05 2.16
22 1091000 43.0136 71.6419 South Branch Near Goffstown, N.H. 3.66 3.28 .56 4.22 234
Piscataquog River
23 1093800 42.8600 71.8333 Stony Brook Near Temple, N.H. 4.90 4.37 .57 533 3.40
Tributary
24 10965852 42.7831 71.3539 Beaver Brook North Pelham, N.H. 4.59 4.07 57 5.03 3.12
25 1097300 425108 71.4069 Nashoba Brook Near Acton, Mass. 3.82 4.44 .58 542 3.46
26 1101000 42.7528 70.9461 Parker River Byfield, Mass. 4.84 4.78 .60 578 3.78
27 1127880 45.1350 71.2064 Big Brook Pittsburg, N.H. 4.82 4.22 .57 5.18 3.26

28 1129440 44.8744 71.4106 Mohawk River Near Colebrook, N.H. 4.07 3.45 .56 4.39 251
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Table 13. Ground-water-recharge statistics, standard error of prediction, and 90-percent prediction interval estimated using available
data and regression-equation predicted values for the fall (November 1-December 31).—Continued

[No., number, fig., figure; in., inch; --, no data]

Fall 90-percent
Stream- (November 1-December 31) p_redlctlon
gaging intervals
station Stream- Latitude Longitude Normal-
refer- gag!ng (decimal (decimal River name Location ized Eguation-
station . quation- - o - ndard
ence No.  dedrees) degrees) basin- predicted Upper Lower
No. recharge  value error 9' (in.) (in.)
(fig. 1) estimate  (in.) prediction
(in.)
29 1130000 44.6250 71.4694 Upper Ammo- Near Groveton, N.H. 2.55 2.93 0.56 3.87 1.98
noosuc River
30 1133000 44.6339 71.8981 East Branch East Haven, Vt. 4.26 3.52 .56 4.46 2.57
Passumpsic
31 1134500 445117 71.8369 MooseRiver Victory, Vt. 331 3.68 .56 4.63 2.74
32 1134800 44.4419 718792 Kirby Brook Concord, Vt. 2.26 3.07 .56 4.01 2.12
33 1135000 44.4228 72.0006 Moose River St. Johnsbury, Vt. 2.58 3.33 .56 4.27 2.39
34 1135300 44.4344 72.0394 SleepersRiver St. Johnsbury, Vt. 3.95 3.33 .56 4.27 2.39
(W-5)
35 1137500 44.2689 71.6311 Ammonoosuc Bethlehem Junction, N.H. 3.02 3.98 .58 4.96 3.00
River
36 1138000 44.1539 719861 Ammonoosuc Bath, N.H. 221 2.74 57 3.69 1.78
River
37 1139000 44.1508 72.0653 WellsRiver Wells River, Vt. 2.85 3.16 .56 411 221
38 1139800 44.0928 72.3361 East Orange East Orange, Vt. 3.58 3.76 .57 472 2.80
Branch
39 1141800 43.7022 72.1875 Mink Brook Etna, N.H. 2.99 3.00 .56 3.95 2.05
40 1142500 43.9344 72.6583 AyersBrook Randolph, Vt. 3.33 3.54 .56 4.49 2.59
41 1144000 43.7142 72.4186 White River West Hartford, V1. 3.37 3.35 .56 4.29 2.40
42 1145000 43.6500 72.0806 MascomaRiver West Canaan, N.H. 2.63 2.80 57 3.75 1.85
43 1150800 43.6733 72.8092 Kent Brook Sherburne, Vt. 6.06 452 .58 5.49 3.55
44 1150900 43.6222 72.7594 Ottaugquechee West Bridgewater, Vt. 5.22 4.21 .57 5.16 3.25
River
45 1153500 43.2086 725181 WilliamsRiver Brockways Mills, V1. 2.82 342 .56 4.36 2.48
46 1154000 43.1372 72.4881 SaxtonsRiver Saxtons River, Vt. 3.23 343 .56 4.36 2.49
47 1155000 43.1317 72.3897 Cold River Drewsville, N.H. 2.44 2.64 57 3.60 1.68
48 1155200 429992 725331 Sacketts Brook Putney, Vt. 2.81 3.69 .56 4.64 2.75
49 1155300 43.2364 72.8564 Flood Brook Londonderry, Vt. 4.08 3.98 .56 4,92 3.03
50 1155500 43.1089 72.7758 West River Jamaica, Vt. 3.44 3.45 .56 4.39 2.51
51 1156000 42.9958 72.6389 West River Newfane, Vt. 2.99 3.35 .56 4.29 241
52 1158500 42.9653 72.2333 Otter Brook Keene, N.H. - - - - -
53 1162500 42.6825 72.1156 Priest Brook Winchendon, Mass. 3.73 3.16 .56 410 222
54 1165500 42.6028 72.3600 MossBrook Wendell Depot, Mass. 2.96 2.20 .60 321 1.20
55 1167800 42.8606 72.8511 Beaver Brook Wilmington, Vt. 4.95 4.29 .57 5.25 3.33







Appendix 1.

Total drainage area, in square miles, isthe area mea-
sured in ahorizontal plane that is enclosed by adrain-
age divide.

Basin length, in miles, isthe length of the basin mea-
sured along aline areally centered through the drainage
divide data layer from the basin outlet to where the
main channel extended meets the basin divide.

Basin perimeter, in miles, isthe length as measured
along the entire drainage-basin boundary.

Averagebasin slope, in percent, isthe average slope of
the drainage basin measured using a Digital Elevation
Model (DEM) in the computer software ARC-INFO.

Basin relief, in feet, is the measured difference
between the elevation of the highest grid cell and the
elevation of the grid cell at the basin outlet. A lattice
datalayer, created using ARC-INFO, is used to deter-
mine the minimum and maximum land-surface eleva-
tion.

Basin azimuth, in degrees, isthe direction of aline
projected from where the main channel meetsthe basin
divide downslope to the basin outlet (clockwise from
north = 0 degrees).

Basin azimuth, in radians.

Basin azimuth region, Four quadrants where 0-90
degrees=1, 90-180 degrees = 2, 180-270 degrees = 3,
and 270-360 degrees = 4.

Effective basin width, in miles, istheratio of the tota
drainage area to the basin length.

Shape factor, dimensionless, isthe ratio of basin
length to the effective basin width.

Compactnessratio, dimensionless, istheratio of the
perimeter of the basin to the circumference of acircle
of equal area.

Relativerelief, in foot/mile, isthe ratio of the basin
relief to the basin perimeter.

Main channel length, in miles, is measured along the
main channel from the basin outlet to where the main
channel meets the basin divide using centerlined
hydrography.

Main channel slope, in foot/mile, isthe slope of the
main channel based on the difference in streambed ele-
vation at points 10 and 85 percent of the distance along
the main channel from the basin outlet to the basin
divide.

Main channel sinuosity ratio, dimensionless, isthe
ratio of the main channel length to the basin length.
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Stream density, in miles per squaremile, istheratio of
the main channel length to the drainage area.

Main channel slope proportion, dimensionless, isthe
ratio of themain channel length to the square root of the
main channel slope.

Ruggedness number, in foot/mile, is the product of
the stream density multiplied by the Basin Relief.

Slope ratio, dimensionless, istheratio of the main
channel slope to the basin slope.

Minimum basin elevation, in feet, isthe minimum
elevationinthedrai nage basin based on theintersection
of the basin polygon coverages and the DEMs.

Maximum basin elevation, in feet, is the maximum
elevation inthedrai nage basin based on theintersection
of the basin polygon coverages and the DEMs.

Mean basin elevation, in feet, ismean basin elevation
in the drainage basin based on the intersection of the
basin polygon coverages and the DEMs.

Median basin elevation, in feet, isthe median basin
elevationinthedrainage basin based on theintersection
of the basin polygon coverages and the DEMs.

Ground-water head, in feet, isasurrogate for the
effective head in the sand and gravel deposits deter-
mined by subtracting the minimum basin elevation
from the mean basin elevation.

Basin elevation group, either a“1” or a“2", is based
on the median value of the mean basin elevationsfor all
60 basins used to develop the regression eguations,
which is 1,498 feet above mean sealevel. A “1” indi-
cates that the mean basin elevation is above this value
and a“2” indicates that the mean basin elevation is
below thisvalue.

Standardized centroid latitude and longitudeis the
|atitude and longitude of the basin centroid, which was
standardized by replacing the centroid latitude (and
similarly centroid longitude) of each basin with [Lati-
tude-mean (L atitude)] divided by the Standard Devia-
tion (Latitude). The standardized | atitude and longitude
are symmetrically distributed with a mean of zero and
astandard deviation of one.

Centroid latitude and longitude, in decimal degrees,
isthe latitude and longitude at the centroid of the drain-
age basin.

Significant sand and gravel deposits, in square miles
plus0.01, isthetotal areaof sand and gravel depositsin
the basin plus 0.01.
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Percent sand and gravel in basin, in percent plus
0.01, isthe percentage of the total drainage basin area,
which has sand and gravel deposits, to the total drain-
age basin area plus 0.01.

Ratio of sand and gravel in basin in contact with
stream network to total drainage basin area, in per-
cent plus 0.01, is the percent of drainage basin under-
lain by sand and gravel, which isin contact with the
stream network (based on the intersection of stream
centerline data and polygon coverages of sand and
gravel deposits) as a percentage of the total drainage-
basin area.

Minimum elevation of sand and gravel deposits, in
feet, is the minimum elevation of the sand and gravel
deposits based upon DEMs and sand and gravel data.

Maximum elevation of sand and gravel deposits, in
feet, is the maximum elevation of the sand and gravel
deposits based upon DEMs and sand and gravel data.

Mean elevation of sand and gravel deposits, in feet,
is the mean elevation of the sand and gravel deposits
based upon DEMs and sand and gravel data.

Maximum sand and gravel deposit elevation above
minimum basin elevation, in feet plus 0.01, isthe dif-
ferencein elevation between the maximum and mini-
mum sand and gravel deposit el evations as determined
from DEMs and sand and gravel data (plus 0.01).

Mean sand and gravel deposit elevation above min-
imum basin elevation, in feet plus 0.01, isthe differ-
ence in elevation between the mean sand and gravel
deposit elevation and the minimum basin elevation
based upon DEM sand sand and gravel data (plus0.01).

Mean sand and gravel deposit elevation above min-
imum basin elevation divided by drainage area, in
feet plus0.01, isthedifferencein elevation between the
mean sand and gravel deposit elevation and the mini-
mum basin elevation divided by drainage area and
based upon DEM sand sand and gravel data (plus0.01).

Relief of sand and gravel deposits, in feet plus 0.01,
isthe difference between the maximum sand and gravel
elevation and minimum sand and gravel elevation

based upon DEM sand sand and gravel data (plus0.01).

Mean annual and seasonal precipitation, ininches,
at a stream-gaging station, is from PRISM average
monthly and annual precipitation datafor 1961-90. Itis
based on 2-kilometer grid data. Five parameters were
determined based on these data:

e annua gage

* winter gage (January 1-March 15)

e gpring gage (March 16-May 31)

e summer gage (June 1-October 31)
 fall gage (November 1-December 31)
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Mean annual and seasonal precipitation, ininches,
at the centroid of the basin, isfrom PRISM average
monthly and annual precipitation datafor 1961-90. Itis
based on 2-kilometer grid data. Five parameters were
determined based on these data:

e annua centroid

« winter centroid (January 1-March 15)

e gpring centroid (March 16-May 31)

e summer centroid (June 1-October 31)
 fall centroid (November 1-December 31)

Mean annual and seasonal precipitation, ininches,
as abasin average for the drainage basin, is from
PRISM average monthly and annual precipitation data
for 1961-90. It is based on 2-kilometer grid data. Five
parameters were determined based on these data:

e annua basin

e winter basin (January 1-March 15)

e gpring basin (March 16-May 31)

e summer basin (June 1-October 31)
 fall basin (November 1-December 31)

Average mean, minimum and maximum annual
and seasonal basin temperature, in degrees Fahren-
heit, is based on monthly data acquired from PRISM
for 1961-90. It is based on 2-kilometer grid data. The
temperature values for the entire month of March were
used for each of the seasona “half March” periods:

+ annual basin mean, minimum, maximum

* winter basin mean, minimum, maximum
(January 1-March 31)

e gpring basin mean, minimum, maximum
(March 1-May 31)

e summer basin mean, minimum, maximum
(June 1—October 31)

o fal basin mean, minimum, maximum
(November 1-December 31)

Soil drainage, in percent, isthe percentage of drainage
basin that is well drained as determined from
STATSGO (State Soil Geographic) (Schwarz and
Alexander, 1995, and U.S. Department of Agriculture,
1991) data.

M ean permeability, in inches per hour, isthe mean
permeability in each basin as determined from
STATSGO (Schwarz and Alexander, 1995, and U.S.
Department of Agriculture, 1991) data.

32fday, in days, is the seasonally and annually deter-

mined basinwide average number of daysin which the
temperature was aminimum of 32 degreesor less. The
seasonal value for the month of March was determined



by dividing the March value in half (assumes uniform
distribution).

e annud basinwide

* winter basinwide (January 1-March 15)

¢ gpring basinwide (March 16-May 31)

e summer basinwide (June 1-October 31)
 fall basinwide (November 1-December 31)

Curve 25thquartile, dimensionless, isthe curvature
of the basin based on aDEM for all of New Hampshire
and Vermont and part of Maineand Massachusetts. The
areaencompassesall of the 60 basinsused in thisstudy.
Thecurvature command wasused inagrid of the DEM.
A slope and a curvature grid were generated. The
lowest 25 percent of slopeand curvaturegrid cellswere
given avaue of one while everything else was given a
value of zero. These two grids were then cross-muilti-
plied and agrid was produced that identifiesthose cells
representing the lowest 25 percent of both slope and
curvature. The curvature grid calculates the curvature
of asurface at each cell center and the slope grid show
the rate of maximum changein Z value from each cell.
Slopeisthefirst derivative of surface; curvature isthe
second derivative of surface. A negativevalueindicates
that the surface (relative to a best fit plane) is concave
at that cell. The basin characteristic is the lowest 25-
percent quartile of curvature and sloperelativeto abest
fit plane and indicates the smallest changein Z value
from each cell (slope grid) and most curved cell surface
(curvature grid). This grid was intersected with the
basin grids to obtain percent flat and curved in each
basin.

Curvecell_relief, dimensionless, istherelief (maxi-
mum-—minimum) of curvature of the basin grid surface
at each cell center for each basin.

Profile curve (mean, minimum, maximum), dimen-
sionless, isthe average curvature of the grid surface at
each cell center in the direction of slope for each basin.

Total stream length, in miles, isthetotal length of al
streams in the basin.

Areaof water bodies, in square miles plus 0.01, isthe
total area of water bodies in the basin.

Percent water bodies, in percent plus 0.01, is the per-
cent of each drainage basin that contains a body of
water.

Area of sand and gravel in contact with the stream
network, in square feet plus 0.01, isthe total area of
sand and gravel in each drainage basin in contact with
the stream network.
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« Ratio of sand and gravel depositsto streamswhich
arein contact with the sand and gravel depositsin
the basin, in miles plus 0.01, istheratio of the square
miles of sand and gravel depositsto the miles of stream
length in contact with the sand and gravel deposits plus
0.01.

» Ratioof sand and gravel depositstothetotal stream
length in the basin, in miles plus 0.01, is the ratio of
the square miles of sand and gravel depositsto the
miles of total stream length plus 0.01. The stream cen-
terline datawasintersected with the polygon coverages
of sand and gravel deposits.

» Annual snowcover, ininches, isthe mean annual basin
average snowfall for each of the basins based on
monthly data acquired from 2-kilometer PRISM grid
datafor 1961-90.

» Forest coverage, in percent, is National Land Cover
Data Set (NLCD) data used to determine the percent of
the basin that is forested.

» Deciduousforest, in percent, isthe percent of thebasin
that is deciduous. Defined in NLCD metadata as areas
dominated by treeswhere 75 percent or more of thetree
species shed foliage simultaneously in response to sea
sonal change.

» Coniferousforest, in percent, isthe percent of the
basin that is coniferous. Defined in NLCD metadata as
areas dominated by trees where 75 percent or more of
the tree species maintain their leaves all year. Canopy
is never without green foliage.

* Mixed coniferous/deciduousforest, in percent, isthe
percent of the basin that is mixed coniferous and decid-
uous. Defined in NLCD metadata as areas dominated
by treeswhere neither deciduous nor evergreen species
represent more than 75 percent of the cover present.

» Hypsometric curve area, dimensionless, isthe area
under the curve for a hypsometric curve of the basin
elevation. Elevation data was grouped in equal-area
classifications to create a hypsometric curve and the
area under the curve was determined by summing the
products of elevation and basin area above a given
maximum elevation for each of the particular equal
area groupings.
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