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ABSTRACT
Understanding atmospheric drivers of river flow variability necessitates clear knowledge of the process
chain linking climate and hydrology, yet the nature of such linkages remains poorly understood for the New
England region of the northeastern United States. This research gap is addressed through a composite
analysis of large-scale climatic controls on monthly high and low river flow in New England for 1958–2001,
based on 40-yr ECMWF Re-Analysis (ERA-40) data. Analysis is focused on climate fields at the North
Atlantic spatial scale, with particular attention given to the influence of the North Atlantic Oscillation (NAO).
High (low) river flow is shown to be characterized by greater (lower) geopotential height throughout the
year, and from December to April, higher (lower) temperature. Wind speed is inversely associated with
river flow in all months, with wind direction more southerly (northerly) under high (low) flow situations.
Relative vorticity differences reveal more cyclonic circulation centered downwind of New England under
low river flow conditions (compared to high flow) from December to April. Reversal of river flow associations with temperature and vorticity in May are linked to snowmelt dynamics. Although cursory analysis
suggests a positive association between the NAO and New England river flow, closer inspection reveals this
to be less straightforward. River flow is more closely linked to the East Coast trough (rather than the
Icelandic low and Azores high), while air temperature anomalies resemble the NAO–sea surface temperature rather than NAO–air temperature pattern.

1. Introduction
Understanding the climatic forcing of river flow represents a major research challenge of practical relevance, due to high socioeconomic and ecological dependence on water resources. This relevance is further
enhanced in light of the pressing need to predict future
water stress and risk within the context of climate
change (Houghton et al. 2001). Hydrologists have long
been aware of the influence of climate on river flow,
although traditional analyses rarely extended beyond
the drainage basin scale. As noted in Kingston et al.
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(2006), increased attention has been given to largescale hydroclimatological linkages within the last decade, and a more integrated approach adopted to examine hydrological and climatological variability within
a spatiotemporal framework of ocean–atmosphere–
land surface interactions (i.e., the hydroclimatological
system). Several recent studies have sought to quantify
variation and interrelationships between atmospheric
processes and river flow, including Bradbury et al.
(2002b), Stewart et al. (2005), and Molnár and Ramírez
(2001) in the United States; Anctil and Coulibaly
(2004) and Déry and Wood (2004) in Canada; Krepper
et al. (2003) in Uruguay; Lawler et al. (2003) in southwest Iceland; Phillips et al. (2003) in Britain; Struglia et
al. (2004) across the Mediterranean; and Ye et al.
(2004) in Siberia.
In developing predictive and explanatory models for
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the hydroclimatological system, researchers make the
assumption that climatological variables are the primary forcing factor of river flow dynamics (Krasovskaia
et al. 1994). Amongst the most commonly used climatological variables are indices of atmospheric circulation patterns. These indices are useful as they provide a
surrogate measure of the general climatic situation and,
therefore, a summary of complex internal atmospheric
relationships (Stenseth et al. 2003). One such pattern is
the North Atlantic Oscillation (NAO), indices of which
have been shown to explain approximately one-third of
surface temperature variation north of 20°N (Hurrell
1995) and 10% of the variation in North Atlantic precipitation (Dai et al. 1997).
The NAO describes the inverse correlation of atmospheric mass between the two semipermanent centers
of action in the North Atlantic, the Icelandic low and
the Azores high, and is the primary mode of atmospheric circulation variation in the North Atlantic region (Hurrell 1995). When both centers of action are
active (weak), a greater (reduced) pressure gradient
exists between these centers, and the NAO is described
as being in a positive (negative), or high (low), phase
(Hurrell 1995). In the New England region of the northeast United States (i.e., Maine, New Hampshire, Vermont, Connecticut, Massachusetts, and Rhode Island),
a high NAO is associated with an enhanced southerly
component to the prevailing westerly winds (Hurrell
1995; Yarnal and Leathers 1988) and a more northerly
positioned but zonally orientated polar front jet (Bradbury et al. 2002b). Relationships between a negative
NAO and anomalously cool regional sea surface temperatures (SSTs) have also been suggested (Bradbury
et al. 2002b, 2003; Hartley and Keables 1998). The position and intensity of the East Coast pressure trough is
linked to the state of the NAO, with a more easterly
position and deeper trough evident in negative NAO
winters (Bradbury et al. 2002a). Correspondingly, Wettstein and Mearns (2002) have documented a positive
association between seasonal air temperature in New
England and the NAO.
Although negative NAO winters are associated with
increased snowfall due to incursion of polar air (Hartley and Keables 1998), fewer depressions also pass over
the region due to storm tracks following a more offshore path (Bradbury et al. 2003). This complex relationship between the NAO and northeast U.S. precipitation is further highlighted by Yarnal and Leathers
(1988): while weak (but statistically significant) positive
correlation between the NAO and precipitation was
found for Pennsylvania, the more northerly wind vector
component associated with a negative NAO was shown
to result in either above- or below-average regional
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precipitation, depending on the precise position of the
East Coast trough. Perhaps reflecting this, Bradbury et
al. (2002b) found no statistically significant (hereafter
p ⫽ 0.05) correlation between the NAO and monthly
New England rainfall.
A number of hydroclimatological trends over the last
30–40 yr have been observed across New England.
These include a reduction in winter river ice thickness,
increasing winter air temperatures, an earlier date of
river ice break-up in spring (Huntington et al. 2003),
earlier spring peak flow (Dudley and Hodgkins 2002;
Hodgkins et al. 2003), a reduction in the winter snow:
rain ratio (Hartley and Dingman 1993), and an increasing trend in annual river flow, particularly in minimum
to median flow quantiles (Lins and Slack 1999). These
investigations cite the NAO, and its increased tendency
toward a positive state between the mid-1970s and mid1990s, as a possible causal factor of these trends. Despite these apparent links, there is a paucity of quantitative investigations into the relationship between the
NAO and New England river flow (Kingston et al.
2006). An exception is the work of Bradbury et al.
(2002b), who described interrelationships between the
NAO and discharge for 37 New England rivers at
monthly, seasonal, and decadal time scales over the
course of the twentieth century. Although mean December–March discharge was not significantly correlated with the NAO for any of the rivers examined,
correlation between monthly river flow and the NAO
was found to be weakly positive but nevertheless statistically significant. Only three rivers displayed statistically significant correlation with the NAO when decadally smoothed. This link was explained through correlation of the NAO and New England air temperature,
with no significant relationship found between the
NAO and precipitation.
Although previous studies therefore indicate an
NAO influence on the hydroclimatology of New England, it is apparent that the cascade of processes linking climate and hydrology has not yet been systematically defined. This is exemplified by the apparent lack
of correlation between the NAO and precipitation despite a statistically significant NAO link to river flow.
Aside from the variable influence of the NAO on precipitation delivery (Yarnal and Leathers 1988), the differing precipitation versus river flow NAO association
may be associated with the different temporal resolution of analysis and hydrological buffering within river
basins (Hannah et al. 2000). This is likely to be further
complicated by the compensation effect between winter
precipitation delivery in the solid phase and subsequent
spring melt causing a temporal dislocation of water input and output in New England.
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FIG. 1. Hypothesized process chain linking the winter NAO and
river flow in New England [modified from Kingston et al. (2006)].

Given the above research gap and the potential importance of elucidating a quantifiable NAO signal in
river flow (i.e., for development of predictive relationships, water resource management, and interpretation
of climate change scenarios), this paper aims to systematically investigate the process cascade linking largescale climate and river flow. Particular emphasis is
given to identifying NAO signatures in this process cascade. This is achieved through a composite analysis
comparing North Atlantic climate fields between
monthly high and low river flow conditions in New England, for 1958–2001. As an organizing framework for
this investigation, a conceptual model of the process
cascade linking New England river flow to the NAO is
provided (Fig. 1). Based on the literature review of
Kingston et al. (2006), the model hypothesizes a nested
suite of processes from the NAO to river flow, including regional SSTs, the position and intensity of the East
Coast pressure trough, wind direction, storm-track position, regional air temperature and precipitation, and
river flow state.
The paper is structured as follows: Section 2 explains
the datasets and methodology. Section 3 provides a
brief description of the hydrological and climatological
characteristics of the New England region. Composite
analysis results are presented in section 4 and discussed
in section 5, before conclusions are drawn in section 6.

2. Data and methods
Monthly river flow data for 1958–2001 were obtained
from the Hydro-Climatic Data Network (HCDN; Slack
and Landwehr 1992). River flow data are only included
in the HCDN if they conform to rigorous criteria regarding accuracy and stability of the stage–discharge
relationship, levels of land-use change, and anthropogenic influence on discharge. This is therefore a nearideal dataset to use for investigation of climatic impacts
on river flow (Slack and Landwehr 1992). Four selection criteria were employed to determine the stations
sampled from the HCDN: 1) continuous record spanning at least 30 yr; 2) record finish date in the late 1990s,
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or preferably 2001 (so as to match the climatic data
span of 1958–2001); 3) gauged basin area between 50
and 1000 km2; and 4) independent basins (i.e., not subbasins of other gauged areas). The latter criterion was
achieved using the U.S. Geological Survey (USGS) hydrologic unit codes assigned to each station (Seaber et
al. 1987). These scale through four categories from major geographic regions (of which New England is one)
to subregions, accounting units and cataloging units
(Seaber et al. 1987). No more than one gauging station
was taken from each accounting unit, and only one or
two gauging stations were used from most subregions
[defined as a river system, a reach and associated tributaries, a closed basin(s), or coastal drainage area
(Seaber et al. 1987)]. These selection criteria yielded 21
river flow gauging stations (Table 1; Fig. 2).
An environment-to-circulation approach using composite analysis (Yarnal 1993) was adopted for analyzing
climatic drivers of high and low river flow. This involved identifying high and low river flow situations
and then the common climatic conditions associated
with each of these flow levels. Examples of previous use
of this technique for hydroclimatological investigations
include work on climatic forcing of Paraguay River discharge (Barros et al. 2004), climatic impacts on snow
and ice-melt in the Pyrenees (Hannah and McGregor
1997) and synoptic conditions associated with aboveaverage discharge in the Susquehanna River basin in
Pennsylvania (Yarnal and Frakes 1997). Although such
an approach reveals statistical associations, it does not
yield direct cause-and-effect relationships. Nevertheless, by examining a suite of climate variables, this paper aims to demonstrate a sufficient number of statistical associations to significantly improve understanding of links in the climate–river flow process cascade for
New England.
Records were split into monthly time series and
standardized prior to analysis. Standardization was
achieved by centering each record around its 1958–2001
mean and scaling by the standard deviation (i.e., z
scores), and was necessary to control for differences in
river flow magnitude arising from contrasts in drainage
basin size. A spatial average (unweighted arithmetic
mean) of standardized data was then taken for each
monthly time step, creating a 1958–2001 all–New England river flow time series for each month of the year.
Each monthly all–New England river flow series was
ranked according to standardized discharge, and the
top and bottom 8 yr for each month were selected as
the high and low flow years, respectively (equating to
the approximate 20th and 80th percentiles of each
monthly time series). These then formed the basis for
the subsequent composite analysis. The 20th and 80th
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TABLE 1. Gauging stations used and basin characteristics (after Slack and Landwehr 1992).
USGS
reference
number

River name

01021200
01022500
01031500
01038000
01047000
01052500
01054200
01055000
01055500
01064500
01078000
01111500
01117500
01118000
01121000
01127500
01134500
01137500
01170100
01204000
04296000

Dennys River
Narraguagus River
Piscataquis River
Sheepscot River
Carrabassett River
Diamond River
Wild River
Swift River
Nezinscot River
Saco River
Smith River
Branch River
Pawcatuck River
Wood River
Mount Hope River
Yantic River
Moose River
Ammonoosuc River
Green River
Pomperaug River
Black River

State

Gauged
area
(km2)

Mean annual
discharge
(m⫺3 s⫺1)

Gauging station
altitude (m)

% storage in
gauged area

% lake in
gauged area

% forest in
gauged area

ME
ME
ME
ME
ME
NH
ME
ME
ME
NH
NH
RI
RI
RI
CT
CT
VT
NH
MA
CT
VT

240.6
587.9
771.8
375.6
914.3
393.7
180.3
251.0
437.7
997.2
222.2
236.2
259.0
187.5
74.1
231.3
194.8
226.9
107.2
194.5
316.0

128.4
166.6
210.2
86.4
254.5
119.4
121.3
69.5
198.6
321.2
49.1
118.7
132.3
105.4
17.9
57.4
50.3
69.6
59.1
44.3
68.7

67.1
97.5
320.0
103.6
390.1
664.5
719.3
557.8
323.1
566.9
384.1
152.4
61.0
91.4
195.1
131.1
518.2
765.1
420.6
222.5
378.0

40.8
20.1
14.4
20.6
16.0
3.4
0.0
0.3
10.5
0.5
3.9
4.5
18.5
6.2
3
3.5
2.8
0.1
0.3
1.2
2.5

12.6
1.6
2.4
2.4
0.8
0.2
0.0
0.3
0.9
0.4
0.9
2.8
2.8
2.1
1.0
2.1
0.2
0.0
0.3
0.9
1.0

75.5
81.3
92
86.8
88.7
99.7
99.4
97.8
75.2
94.8
93
92
84
92
82
66
93
92
89
58
61

percentiles were chosen as the best compromise between sampling only high and low river flow while also
maintaining an acceptable sample size. Such a relative
(rather than absolute) discharge threshold is considered
to be the most objective and consistent criterion for
selection of high and low flow years (Beniston and
Stephenson 2004).

Although the New England region is designated a
discrete hydrological unit by the U.S. Water Resource
Council (U.S. Water Resources Council 1970), this is
based on drainage divides rather than factors affecting
hydrological variability (Lins 1997). Despite this, New
England has been shown to broadly correspond to the
northeast hydroclimatological region identified by Lins

FIG. 2. Location of New England and river flow gauging stations used.
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TABLE 2. Variables used and their hydroclimatological significance.
Variable

1000- and 500-hPa geopotential height
1000-hPa temperature
1000- and 500-hPa wind vector

500-hPa relative vorticity

Hydroclimatological significance
Synoptic descriptor, provides information on the general circulation, air masses, wind
vector, and temperature.
Evapotranspiration, meltwater release, and snow:rain ratio.
Origin (and therefore probable characteristics) of air mass affecting region, advective
controls on temperature and humidity, and likelihood of precipitation. Also
indicative of storm track paths.
Presence of cyclonic or anticyclonic circulation, i.e., general wind direction. Likelihood
of cyclogenesis (and indirectly, precipitation) through link to upper-air convergence
and divergence.

(1997). Correlation of individual records with the regional mean (used herein) also indicates sufficient spatial homogeneity for an average to be representative of
monthly regional variation (mean correlation coefficients between stations and the regional mean vary
from 0.64 in September to 0.82 in February). Although
the presence of local variation within this region is acknowledged, these analyses suggest this is not sufficient
to preclude the use of a regional mean for the purposes
of this investigation.
Composite climate fields were derived from the 40-yr
European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40; Uppala et al.
2005) for the region 25°–85°N, 100°W–20°E (at a resolution of 2.5°). Reanalysis datasets such as ERA-40 provide the advantage of a comprehensive range of climatological variables with global coverage, and have been
used in a number of previous hydroclimatological studies (e.g., Serreze et al. 2003; Barros et al. 2004; Trigo et
al. 2004). Fluxes and values within reanalysis datasets
are determined by a numerical weather prediction data
assimilation system rather than directly from observations; thus model physics and parameterizations have
implications for the dataset (Bengtsson et al. 2004).
Furthermore, changes in the observational data network used to drive the reanalysis (such as the introduction of satellite data since 1979) have caused temporal
biases in the data output (Bengtsson et al. 2004). These
effects are mediated here by the examination of anomalies (rather than trends), and the relatively dense observational network in the study area (Bengtsson et al.
2004).
Composites were created for four variables: geopotential height (at 1000 and 500 hPa), temperature (1000
hPa), wind vector (1000 and 500 hPa), and relative vorticity (500 hPa). Table 2 lists the hydroclimatological
relevance of these variables, and thus justification for
inclusion. Although important in river flow generation,
precipitation has not been directly examined herein. As
stated in section 1, precipitation has a complex and
potentially indirect link to river flow at the monthly

time scale (due to basin storage and transfer processes),
further complicated in New England by snow- and
melt-dominated flow regimes (Fig. 3). The welldocumented considerable spatial and temporal variability in precipitation adds further difficulty for accurate
quantification of climate–environment relationships
over large geographic domains, compounded by measurement difficulties and assessment of their representativeness (e.g., Peterson et al. 1998). This is reflected in
the poor reliability of ERA-40 precipitation data (Uppala et al. 2005). Furthermore, the more reliable
merged gauge and satellite precipitation datasets do not
cover the study period used herein. Given these issues,
inclusion of precipitation is deemed beyond the scope
of this paper, although this remains a goal for future
research. The potential for precipitation occurrence is
indicated by proxy through the other variables examined (Table 2).
Comparisons were made between the high and low
flow composites for each month. The Student’s t test
was used to determine the statistical significance of the
differences between high and low flow situations on a
grid cell basis. In addition to an examination of the
standard deviation of the composites, use of the t test
guards against one of the main criticisms of compositing, that it may result in the grouping of dissimilar situations, thus yielding an unrepresentative or misleading
composite (Yarnal 1993; Houseago et al. 1998). This is
because composites composed of widely different values will exhibit high standard deviation, and will thus
be unlikely to be statistically significant from other
composites when compared using a t test.
An issue relating to the use of t tests on gridded data
is multiplicity, or the number of significant t tests that
could be expected by chance. As outlined by Livezey
and Chen (1983), testing for field significance involves
determining 1) whether the number of locally significant t tests is greater than that which can be expected by
chance (the 0.05 level is used here), and 2) the effect of
spatial correlation between grid cells. Spatial correlation between grid cells reduces the effective sample
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size, and thus the threshold number of locally significant t tests required.
Taking into account 1) and then estimating 2) is considered sufficient for the purposes of this paper. Although Monte Carlo testing can be used to determine
the precise effects of spatial correlation, this is not
thought to be crucial here, and may even be slightly
misleading. This is because while the number of positive individual significance tests that could be expected
by chance is indicated, the probability of them occurring in a particular spatial pattern or at a particular
location is not given (Taylor 1996). Field significance
statistics are also highly dependent on the size of the
area under investigation, as a higher number of significant t tests are needed to pass the threshold percentage
of local significance when considering larger areas.
These arguments are particularly pertinent here given
that a key focus lies with differences over a relatively
small area of the North Atlantic (New England), although within the context of a relatively large spatial
domain. For such reasons, field significance will be used
only as a guide to the interpretation of results, in association with previous work on climatic spatial correlation decay lengths (Briffa and Jones 1993), rather than
a criterion for automatic acceptance or rejection of a
particular field.

3. Study area
The annual flow regimes of the selected New England rivers consist of a marked peak between March
and May, followed by minimum annual flows from July
and September, before a secondary broad high flow
period in late autumn and early winter, and slightly
reduced flow in January and February (Fig. 3). The
form and timing of the spring flow peak within the
context of annual precipitation variation (Fig. 3) indicates the importance of snowfall storage and meltwater
release in determining the annual hydrograph (Magilligan and Graber 1996; Hodgkins et al. 2003), and
therefore the noteworthy influence of temperature–
frozen water store interactions upon river flows.
The majority of study basins are heavily forested,
with over 90% of the drainage area covered in many
basins, and a mean for all basins of 85%. Basin sizes
range from 74 to 997 km2. A mix of upland and lowland
gauging stations was included in this study, with altitudes varying from 61 to 765 m. Table 1 provides
further study basin characteristics. Averages for 1961–
90 show that November is the month of highest
precipitation in New England, with February the lowest, although precipitation is fairly evenly distributed
throughout the year (Magilligan and Graber 1996) (Fig.
3). Mean monthly temperature for 1961–90 over the
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FIG. 3. Mean (1958–2001) annual flow regime for New England
rivers, and (1961–90) New England precipitation and temperature
[derived from U.S. Historical Climatology Network (Karl et al.
1990)].

study region ranges from ⫺6°C (January) to 20°C
(July) (Fig. 3). This seasonal temperature pattern is due
in part to New England’s location on the boundary between temperate extratropical and cold polar air
masses, and the seasonal movement of this boundary.
During winter, the polar front is frequently located to
the south of the region, while milder and more humid
conditions are experienced during the summer months
following northward retreat of arctic air (Keim 2006).

4. Results
The years forming each composite and associated
river flow statistics are presented in Table 3. A summary of the most salient climatic differences between
high and low river flow are presented in Table 4, with
further explanation below. Geopotential height at 1000
and 500 hPa for all months is greater (lower) in high
(low) river flow situations over most of New England,
with the area of maximum difference in the region just
east of Newfoundland (Figs. 4, 5, and 6). The opposite
geopotential height–river flow association occurs to the
west of New England. A greater pressure gradient occurs over the region during low river flow, particularly
in the winter half-year. Low flow during winter is also
characterized by a more northerly orientation of isobars at the 1000-hPa level. In terms of magnitude of
difference in geopotential height, there is a greater disparity between the high and low river flow composites
in winter, although similar levels of statistical significance are achieved in summer months.
Statistically significant relative vorticity differences
occur between high and low flow composites from December to May. Positive relative vorticity (i.e., cyclonic
circulation) is observed in the vicinity of New England
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0.11
0.14
0.10
0.28
0.04
0.10
0.10
0.07
0.13
0.08
0.24
0.10
⫺0.87
⫺0.86
⫺0.87
⫺1.10
⫺0.94
⫺0.90
⫺0.71
⫺0.76
⫺0.83
⫺0.79
⫺1.05
⫺0.84
January
February
March
April
May
June
July
August
September
October
November
December

1981,
1980,
1967,
1995,
1965,
1964,
1965,
1999,
1995,
1968,
1978,
2001,

1985,
1969,
1960,
1985,
1986,
1999,
1993,
1965,
1984,
1997,
1984,
1997,

1971,
1989,
1981,
1966,
1959,
1965,
1995,
1966,
2001,
1984,
1964,
1989,

1977,
1987,
1965,
1999,
1964,
1991,
1971,
1993,
1983,
1963,
1968,
1995,

1988,
1977,
1969,
1986,
1985,
1980,
1999,
2001,
1966,
1994,
1994,
1970,

1961
1966
1982
1992
1999
1963
1977
1970
1963
1982
1961
1988

Standard deviation
of composite

1996,
1981,
1979,
1969,
1972,
1989,
1996,
1976,
1999,
1997,
1995,
1973,

1978,
1970,
1998,
1987,
1989,
1984,
1973,
1990,
1981,
1990,
1959,
1996,

1979,
1976,
1977,
1993,
1984,
1973,
1972,
1991,
1977,
1989,
1969,
1983,

1986,
1984,
1983,
1983,
1969,
1972,
1998,
1986,
1975,
1991,
1963,
1969,

1995,
1973,
1999,
1984,
1971,
1982,
1984,
1989,
1985,
1996,
1983,
1990,

1973,
1996,
1968,
1958,
1967,
1989,
1969,
1969,
1991,
1962,
1988,
1972,

1958,
1960,
1973,
1960,
1983,
1968,
1958,
1981,
1974,
1981,
1962,
1959,

1999
1998
2000
1982
1958
1959
1959
1973
1989
1959
1989
1986

1.20
1.18
1.20
1.12
1.07
1.32
1.16
0.98
1.21
1.11
1.25
1.21

0.51
0.67
0.55
0.20
0.46
0.77
0.85
0.46
1.05
0.58
0.27
0.71
1966,
1967,
1989,
1981,
1992,
1962,
1966,
1987,
1968,
1964,
1971,
1965,

throughout. From December to April this is significantly stronger immediately east of New England in
low flow composites (Fig. 7), with (reduced) statistical
significance extending over New England in some
cases. In May, the reverse vorticity–river flow association occurs, with more cyclonic circulation over New
England in the high flow composite, but with maximum
difference upwind of this region. No statistically significant differences occur from July to November.
Associated with the stronger pressure gradient, 1000and 500-hPa wind speed is greater in the vicinity of New
England for low river flow compared to high flow conditions. These differences in strength are primarily due
to changes in zonal wind speed, with the meridional
component much weaker. Variation in the direction of
the meridional component has a more notable influence on wind vector, such that airflow over New England has a more northerly component under low river
flow conditions and southerly component under high
flow conditions (Figs. 4 and 6).
Changes in geopotential height, relative vorticity,
and wind vector can be linked to variation in the position of atmospheric Rossby waves, and in particular the
position of the trough over the east coast of North
America. Under high flow conditions the trough occupies a more northwesterly position; it is further to the
southwest during low flow periods (Figs. 4, 5, and 6).
This indicates a more southerly position of the polar
front for low river flow conditions.
Following the reduced northerly component to wind
direction, more northwesterly positioned East Coast
trough and more northerly polar front, air temperature
is greater over New England in high river flow composites compared to low flow composites from December
to April (Fig. 8). From December to February, this
positive temperature anomaly is accompanied by a
larger-scale pattern consisting of negative anomalies to
the northwest and southwest (Fig. 8). In contrast, high
river flow in May (and to a lesser extent June) is characterized by significantly lower temperature, with
higher values in low flow composites. This pattern is
associated with a greater land–sea temperature contrast
in high flow situations. Temperature does not show any
statistically significant differences between high and
low river flow from July to November.

Mean
discharge
Years
Month
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1988,
1962,
1970,
1965,
1993,
1988,
1991,
1968,
1964,
2001,
2001,
1978,

Mean
discharge
Years

High streamflow years

Standard deviation
of composite

KINGSTON ET AL.

Low streamflow years

TABLE 3. List of years making up the high and low streamflow composites for each month, and the mean and standard deviation of streamflow in each composite (units of
discharge are z scores).

JUNE 2007

a. Climatic processes linked to high and low river
flow
The previous section detailed systematic differences
in regional and Atlantic-scale climate between high and
low flow situations for New England. Intra-annual
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TABLE 4. Summary of relationship between river flow and climate.
Variable

General relationship and intra-annual variation

Geopotential height

Positive association, center of action near Newfoundland, Canada. Greater differences in winter half-year,
but significant throughout. For winter in particular, tighter pressure gradient when low flow and more
northerly orientation of isobars: linked to deeper East Coast trough when low flow.
Positive association from December to April. Negative association in May and June. No significant
differences from July to November.
Generally westerly throughout year; stronger with a more northerly component when low flow, weaker with
a more southerly component when high river flow.
Positive (i.e., cyclonic) throughout. From December to April area of enhanced cyclonic circulation near
Newfoundland in low flow composites. More cyclonic circulation when high flow in May. No significant
differences from June to November.

Temperature
Wind vector
Relative vorticity

variation in the relative importance of climatic factors
was also revealed. The following discussion addresses
potential large-scale climate mechanisms associated
with the generation of high and low river flow.
The strong relationship between 1000-hPa temperature and river flow during winter is indicative of thermal control of 1) the snow:rain ratio, which affects
whether precipitation influences river flow concurrently or if it enters storage as snow or ice (Hartley and
Dingman 1993), and 2) subsequent storage release dy-

FIG. 4. Composite 1000-hPa geopotential height (m) and wind
vector (m s⫺1) for February (top) high and (bottom) low flow.
[Length of arrow indicates wind strength (see scale).]

namics of the frozen water store. During spring, temperature becomes more important for the timing and
magnitude of the annual melt peak for New England
rivers (Fig. 3) (Hodgkins et al. 2003). This becomes
particularly apparent when the latitudinal position of
the 0°C isotherm is examined, which for March is located in the north of New England in the high flow
composite, and in the south during low flow (Fig. 9).
The reversal of the temperature–river flow relationship in May and June can also be linked to snowmelt
dynamics. Exploratory data analysis shows anomalous
warmth in April precedes low flow in May and June,
and has previously been linked to an earlier finish to
the melt season (i.e., depletion of frozen water stores)
(Hodgkins et al. 2005). Consequently, May and June
experience reduced meltwater input to river flow. Huntington et al. (2003) show an analogous temporal dynamic for river–ice thickness variation in Maine. This
hypothesis is further supported by an increased land–
sea temperature contrast in May and June low flow
composites: these show higher air temperatures over
land rather than a cooler sea, consistent with the occur-

FIG. 5. Difference (in m) between February 1000-hPa geopotential height composites (high minus low flow composite). [Shading indicates significant difference between the composites (with 8
degrees of freedom); p levels are (from light to dark shades) 0.05,
0.01, and 0.001.]
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FIG. 7. Difference (in s⫺1) between December 500-hPa relative
vorticity composites (high minus low flow composite). (Shading as
in Fig. 5.)

FIG. 6. Composite 500-hPa geopotential height (m) and wind
vector (m s⫺1) for February (top) high and (bottom) low flow.
[Length of arrow indicates wind strength (see scale).]

rence of a warm spring (given the greater thermal inertia of the sea). Increased evaporation may play a role
in inverting temperature–river flow linkages, but is unlikely to be the sole cause as this relationship is not
found in other (warmer) summer months, and similarly,
because the relationship appears stronger in May rather
than June.
The increased influence of cold, dry arctic air from
the north in winter low river flow situations (as indicated by wind vector, geopotential height, and vorticity
composites; Figs. 4–7) corresponds well with the reduced temperatures also associated with low flow (Fig.
8). During summer, the more southerly winds for high
flow indicate a greater maritime influence, or at least a
reduced continental influence on the region. This can
be associated with more humid conditions, lower
evaporation, increased likelihood of precipitation
(Keim et al. 2005; Keim 2006) and, in turn, increased
river flow. Variation in the intensity of the zonal circulation also imparts an influence on the magnitude of
monthly river flow such that intense westerly airflows,
and thus a more continental influence, are associated
with low river flow. In contrast, reduced westerly air-

flow may be associated with enhanced advection of
moist maritime air over the region from the east and
the occurrence of rainfall in summer and early autumn
(Keim et al. 2005), driving higher river flows.
The more intense atmospheric circulation in low
river flow composites is reflected in the pattern of regional storm tracks. There are two major paths followed by Atlantic cyclones along the east coast of the
United States, either northward along the coast toward
New England or following the northern limit of the
Gulf Stream current eastward (Colucci 1976). Increased zonal wind speeds are associated with the latter
(Serreze et al. 1997; Hartley and Keables 1998), resulting in reduced precipitation delivery over New England
(Bradbury et al. 2003), and in turn, lower river flow.
This is supported by the more cyclonic circulation centered east (i.e., downwind) of New England in low flow
composites (Fig. 7). Additionally, the relatively low
temperature during low flow conditions (Fig. 8) would
make any precipitation more likely to fall as snow (as
opposed to rain) and enter storage, rather than immediately contributing to river flow. It should be noted
that when the temperature–flow relationship reverses
in May and rainfall becomes the dominant form of precipitation, high river flow is associated with stronger
cyclonic relative vorticity (upwind) than low flow.

b. NAO links to New England river flow
Cursory analysis suggests that climatic conditions
over New England associated with high and low river
flow support a positive relationship between the NAO
and New England river flow. In agreement with the
hypothesized process cascade outlined in Fig. 1, high
flow has been shown to be associated with a weaker
East Coast trough, a more northerly polar front, together with more southerly airflow (Figs. 4–6) and gen-
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FIG. 8. Difference (in °C) between February 1000-hPa temperature composites (high minus low flow composite). (Shading as in
Fig. 5.)

erally higher temperatures (Fig. 8). Results are also
suggestive of increased liquid-phase precipitation over
the region in high river flow situations.
Closer inspection of the climate fields associated with
high and low river flow reveal the influence of the NAO
to be less straightforward. From December to March
especially, the difference between the high and low
flow geopotential height composites does not reveal a
dipole between the Icelandic low and Azores high [the
typical NAO signal (Hurrell 1995)], but rather a more
longitudinal pattern associated with the strength and
position of the Rossby wave pattern downstream of the
Rocky Mountains (Fig. 5). Temperature differences between high and low river flow (Fig. 8) are also markedly
different to the characteristic NAO–temperature pattern of positive anomalies over the northeast United
States and northwest Europe and negative anomalies
over southeast Canada and southern Europe (Hurrell
1995). Instead, the winter temperature anomalies associated with changes in river flow (Fig. 8) are highly
suggestive of the SST tripole pattern associated with
the NAO (Rodwell et al. 1999), with high (low) flow
corresponding to the positive (negative) phase of this
pattern. The SST tripole pattern has previously been
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shown to be associated with variation in Danube river
flow in central Europe (Rimbu et al. 2002) and air temperature in northwest Europe (Junge and Stephenson
2003). Deser and Blackmon (1993) document a similar
pattern as the first principal component of North Atlantic surface air temperature for November–March.
Further research is needed to understand why air temperature displays the NAO–SST, rather than NAO–air
temperature, anomaly pattern.
The lack of clarity in the influence of the NAO on
river flow implies a complex process cascade linking
atmospheric circulation and river flow variation in New
England, and one that cannot satisfactorily be explained by a single atmospheric circulation pattern index. This complexity provides some context for the
relatively weak NAO–river flow correlation found by
Bradbury et al. (2002b). It also highlights the general
limitations of relying on circulation pattern indices
alone in investigations of climate–environment interactions, because despite their advantages they represent
time-averaged dynamical relationships only, and as
such may oversimplify or mask the mechanisms involved (Kingston et al. 2006). Hence it is vital that investigation of the process cascade linking climate and
environmental variables (such as river flow) should be
undertaken to explain mechanistic relationships before
such indices are invoked as explanatory tools.

6. Conclusions
At the monthly time scale, river flow across New
England has been shown to be sensitive to changes in
the nature of large-scale climate fields over the northern North Atlantic, with coherent and physically interpretable patterns of variation emerging. In winter and
early spring, geopotential height and temperature
anomalies are likely to exert a key control on river flow
through their effects on precipitation form and the occurrence of snowmelt. Differences in the wind field exist between high and low flow situations throughout the

FIG. 9. Composite 1000-hPa temperature (in °C) for March (left) high and (right) low flow.
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year, and indicate the importance of continental versus
maritime air masses for river flow variation. The importance of using a monthly (versus seasonal average)
temporal resolution is highlighted by the reversal of
temperature and vorticity associations with river flow
between April and May. These climatic differences indicate a limited positive association between the NAO
and New England river flow but, more importantly,
highlight the importance of developing an understanding of the processes linking large-scale climate and river
flow variation as a physical basis for the use of circulation indices as descriptors of environmental variation.
Although we believe this paper contributes significantly to understanding the process cascade linking
large-scale climate variation with high and low monthly
river flow in New England, we recognize a number of
caveats exist with respect to the findings. The precipitation link of this process cascade has not been explicitly analyzed; however, proxies for precipitation (Table
2) plausibly indicate its role in streamflow generation.
The small sample size of the composites, the spatial and
temporal resolution of the climatic data, and the averaging of discharge data across New England also need
to be considered. Similarly, the influence of spatial gradients in climate (e.g., latitudinal or coast-to-interior)
has not been explicitly addressed. Accordingly, the results are unlikely to describe variation in locally important controls on river flow generation. It must also be
remembered that the statistical associations uncovered
can only be used to infer cause-and-effect relationships.
Nevertheless, the building-up of physically consistent
statistical associations between river flow and a number
of different climate variables does fundamentally underpin the conclusions drawn herein.
Future studies of New England climate–river flow
relationships would benefit from direct analysis of the
role of precipitation, although with careful consideration of the aforementioned potentially complex and
indirect link between precipitation and river flow. Additional factors that may influence local hydroclimatological variation include SSTs, with the similarity of the
river flow–temperature anomaly to the NAO–SST tripole pattern and the proximity of the study area to the
Gulf Stream north wall and southern limit of the Labrador Current key candidates for further investigation.
As well as concurrent relationships, antecedent land
surface and SST conditions may be important at the
monthly time scale (in addition to lower-frequency
variations in ocean thermal state). System lags are
likely to be particularly important for snowmelt dynamics, in terms of accumulation of snow, basin priming for
initiation of the melt season and duration of the melt
season (as illustrated by the inversion of temperature-

river flow associations in May). This indicates the possibility for the development of predictive relationships
for seasonal regional river flow using the climate fields
examined herein (precipitation is relatively poorly predicted by seasonal forecast systems). These results
therefore provide a valuable starting point for processbased investigations of this in New England and elsewhere, and are likely to be important for future studies
focused on downscaling the impacts of variation in
large-scale climate fields to river flow.
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