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or high river ßows (Figure 1: Diamond River). Dynamic river-ice breakup can also
occur in the winter. Days of ice-affected ßow each winter, in general, range from
continuous or nearly continuous in far northern New England to intermittent days
of ice-affected ßow in southern and coastal New England.

2. Data

Records from all gaging stations on rivers in the six New England states
(Connecticut, Maine, Massachusetts, New Hampshire, Rhode Island, and Vermont)
were searched for long-term, usable records of ice-affected ßow. Long-term records
were deÞned as those from a gaging station that was operated for at least 50 years
with records through water year 2000. (A water year begins October 1 of the
previous calendar year and ends September 30 of the current calendar year. For
example, water year 2000 begins October 1, 1999 and ends September 30, 2000).
Usable records are deÞned as those from a gaging station whose hydraulic control
section location did not change during the period of record and whose ßows were
not subject to substantial regulation or urbanization.

Ice conditions can be very different in different locations, even a short distance
upstream or downstream from any given location. For this reason, rivers where
the control section location changed over their period of record were not used.
Substantial regulation is deÞned as regulation that could affect the formation and
(or) stability of ice at the station. This required that a river at a gaging station had
either no known ßow regulation over time or only low-ßow regulation, of an amount
that was judged to be insigniÞcant. Rivers with substantial amounts of regulation
were eliminated from this study. The USGS lists all known regulation that may affect
the computation of river ßows in its annual published data reports. There were six
sites retained for this study that had some low-ßow regulation for all or part of their
period of record (Table I), typically from upstream mills. With the exception of
the Allagash River, regulation has decreased over time at these rivers. A decrease
in regulation, all other things being equal, is expected to increase the number of
ice-affected ßow days at a site. That said, the regulation at the six mentioned rivers
is believed to be insufÞcient to affect the number of days of ice-affected ßow in
these rivers.

All of the rivers used in this study are in rural areas. Rivers in northern Maine,
northern New Hampshire, and northern Vermont generally drain remote, unde-
veloped forests. Rivers in southern Maine and southern New Hampshire generally
drain rural areas with forests, small towns, some pasture land, and some low-density
residential development. It is unlikely that any activities occurred on or near the
rivers in this study or on their tributaries, such as warm-water discharges, that would
affect the trends in ice-affected river ßows over time.

Large amounts of forest have replaced farmland in southern Maine and southern
New Hampshire over the last 120 years. Counties in southern Maine were 35Ð50%
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TABLE I
Attained signiÞcance levels (p-values) for Mann-Kendall trend tests of ice-affected ßow days over
time

USGS River Total days First fall Last spring
station name and Period of ice-affected day of ice- day of ice-
number state of record ßow affected ßow affected ßow

01011000 aAllagash, ME 1932Ð2000 0.046 (Š) 0.69 (Š) 0.076 (Š)
01013500 Fish, ME 1930Ð20000.0016 (Š) 0.11 (+ ) 0.038 (Š)
01014000 St. John, ME 1934Ð20000.086 (Š) 0.59 (Š) 0.098 (Š)
01022500 Narraguagus, ME 1949Ð20000.044 (Š) 0.82 (Š) 0.046 (Š)
01031500 aPiscataquis, ME 1931Ð20000.052 (Š) 0.50 (Š) 0.010 (Š)
01038000 aSheepscot, ME 1939Ð2000 0.21 (Š) 0.074 (+ ) 0.023 (Š)
01048000 Sandy, ME 1929Ð1979,0.029 (Š) 0.72 (+ ) 0.21 (Š)

1988Ð2000
01052500 Diamond, NH 1942Ð20000.099 (Š) 0.69 (Š) 0.016 (Š)
01055000 Swift, ME 1931Ð2000 0.0001 (Š) 0.56 (Š) 0.018 (Š)
01060000 aRoyal, ME 1950Ð2000 0.11 (Š) 0.32 (+ ) 0.12 (Š)
01064500 Saco, NH 1930Ð2000 0.47 (Š) 0.35 (Š) 0.27 (Š)
01073000 Oyster, NH 1936Ð2000 0.11 (Š) 0.48 (+ ) 0.020 (Š)
01076500 aPemigewasset, NH 1941Ð20000.025 (Š) 0.11 (+ ) 0.12 (Š)
01134500 Moose, VT 1948Ð20000.014 (Š) 0.0004 (+ ) 0.018 (Š)
01137500 Ammonoosuc, NH 1940Ð2000< 0.0001 (Š) 0.0017 (+ ) 0.0010 (Š)
04293500 aMissisquoi, VT 1934Ð2000 0.0002 (Š) 0.030 (+ ) 0.019 (Š)

aRiver known to have some low-ßow regulation over all or part of itÕs period of record.

forested in 1880 and 70Ð80% forested in 1995. Counties in northern Maine were
85Ð90% forested in 1880 and 90Ð95% forested in 1995 (Irland, 1998). The potential
effects of reforestation on ice-affected river ßows in New England are unknown. The
possible inßuence of land-use change and ßow regulation on historical ice-affected
ßow days are discussed further in the results section.

Sixteen gaging stations on rivers in New England (all in northern New England)
met the criteria of this study (Hodgkins et al., 2003b; Figure 2). Data collection
from two of the 18 rivers in Hodgkins et al. ended in the 1970s and the data were not
used in this study. The long-term dates of ice-affected ßow in Hodgkins et al. were
compiled from U.S. Geological Survey (USGS) historical ßow and ice records from
data reports (the annual Water-Data Reports and their predecessor Water-Supply
Papers, for states in New England) and USGS Þles.

The presence of ice in rivers has been determined by the USGS using the same
methods from 1913 (and probably before this for several years) to the present (Hoyt,
1913; Rantz et al., 1982), with one known exception. The earliest river-height
records in New England typically were collected daily by an observer, rather than
by a continuous recorder, until the 1930s. The presence of ice that affected the river
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about the accuracy of the ice-affected ßow records. In general, the only acceptable
ice-affected ßow data in years with missing river-height record were short amounts
of missing river-height record at sites with long, continuous periods of ice-affected
ßow in that season. In these cases, the missing river-height record was not near the
beginning or end of the days of ice-affected ßow for the winter and there were no
substantial peak ßows during the period of missing record. On average, four years
were censored over the period of record at each of the 16 river gaging stations. The
length of record presented for the 16 rivers in this report ranges from 51 to 71 years,
with an average of 63 years.

Each of three coastal river gaging stations had one year (a different year for each
site) with no days of ice-affected ßow. These three years had complete river-height
records. For the purpose of trend testing, the Þrst date of ice-affected ßow in the fall
wasconsidered to be one day later than the latest Þrst date of ice that was recorded
over the period of record at that site. Likewise, the last date of ice-affected ßow in
the spring was considered to be one day earlier than the earliest last date at that site.

The location of the 16 gaging stations are shown in Figure 2. A majority of
these rivers are in Maine, with some in New Hampshire and Vermont. No long-
term records from Massachusetts, Connecticut, or Rhode Island were analyzed
because no rivers in these states met the criteria of this study.

In addition to analyzing days of ice-affected ßow, this study analyzed historical
air temperature and precipitation data. The U.S. Climate Division meteorological
data set may not be appropriate for decadal to century scale climate studies (Keim
et al., 2003). Monthly air-temperature and precipitation (total liquid equivalent)
time series were therefore obtained from the U.S. Historical Climatology Network
(USHCN) data set that was developed and is maintained at the National Climatic
Data Center (Karl et al., 1990). The USHCN data have been subjected to quality
control and homogeneity testing. Temperature data have been adjusted for bias
originating from changes in observation time (Karl et al., 1986), instrumentation
(Quayle et al., 1991), station location and other station changes (Karl and Williams,
1987), and urban heat-island effects (Karl et al., 1988). Precipitation data have
been adjusted for bias originating from changes in station location and other station
changes (Karl and Williams, 1987). The location of the 17 USHCN temperature
and precipitation sites used in this study are shown in Figure 2.

3. Methods of Analysis

Temporal trends in the annual number and timing of days of ice-affected river ßow
were evaluated using the non-parametric Mann-Kendall test (Helsel and Hirsch,
1992) because changes over time did not appear to be linear (Figures 3Ð5). The
data were smoothed for graphical presentation and serial correlation testing by
use of locally weighted regression (LOESS) (Cleveland and Devlin, 1988) with
locally linear Þtting, a robustness feature, and a weighting function of 45 years.
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Figure 3. Smooths of the total annual days of ice-affected ßow, over time, for the nine longest-record
river gages in northern New England used in this study. Circles represent the annual values for the
average of the nine sites. The thick line is the smooth of the average annual values.

Figure 4. Smooths of Þrst dates of ice-affected ßow in the fall, over time, for the nine longest-record
river gages in northern New England used in this study. Circles represent the annual values for the
average of the nine sites. The thick line is the smooth of the average annual values.


