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ABSTRACT: To provide abasisfor regiond hydroclimatic forecasting, New England (NE) precipitation
and streamflow are compared with indices for the El Nino/ Southern Oscillation, the Pacific-North
American (PNA) pattern, and the North Atlantic Oscillation (NAO). Significant podtive correlations are
found between the NAO index and monthly streamflow a western inland locations, with the strongest
seasond correlations occurring in winter. Smoothed records for the winter NAO and winter streamflow
are highly corrdated at some sites, suggesting that interreationships are most sgnificant in the low
frequency spectrum. However, correlations between the NAO and precipitation are not sgnificant, so
further examination of other factors is needed to explain the relationship between the NAO and
sreamflow. NAO-related regiond air temperature, sea- surface temperature (SST), storm tracking, and
snowfdl variability are possble mechanisms for the observed teeconnection. Exceptiondly cool regiond
ar temperatures, and SSTs, and unique regiond storm-track patterns characterized NE' s climate during
the famous 1960s drought, suggesting that concurrent (persistent) negative NAO conditions may have
contributed to the severity of that event. Monthly and winter-averaged regiond streamflow varigbility are
a0 ggnificantly correlated with the PNA index. This, dong with results from previous studies, suggests
that tropospheric wave character and associated North Pacific SST anomalies are so related to NE
regiond drought conditions.

(KEY TERMS: hydroclimate; New England; drought; North Atlantic Oscillation; Pacific/North American

pattern.)



INTRODUCTION

Historical Drought and Prediction

Even in the northeastern United States, where water is generaly abundant, recent drought
conditions accompanied by increasing human demands on fresh-water resources require that we gain a
better understanding of extremesin regiond hydrologic variability. Hydrologic drought is of particular
concern, Snce low streamflows often result in sgnificant environmenta damage including high surface-
water temperatures, reduced levels of dissolved oxygen, higher concentrations of pollutants, and the
landward migration of salt-water estuaries. The socioeconomic impacts of persistent hydrologic drought
can lagt for months beyond the period of rainfal deficit. Furthermore, impacts of drought promiseto be
more severe in the future because of rgpidly growing population, even with no change in the frequency or
duration of events [American Meteorological Society (AMS), 1997]. Because of theseissues, it is
important to know not only when and where drought events are likely to occur, but for how long they may
persist.

Empirica studies done over the past severd decades have never shown that drought is the result of
one factor exclusvely (AMS, 1997). Research that focuses on multiple hydrologic variables (e.g.:
Leathers et ., 2000) with consideration given to the interactions between remote climate conditions and
locd feedback mechanisms (e.g., Namias, 1966; Barlow et d., 2001) have offered important insghtsinto
possible causes for regiondly extensve drought eventsin the northeastern United States. Still, due to the

many factors that contribute to hydrologic variability and the inherent complexity of the hydrologic system,



many questions remain regarding specific physica mechanisms responsible for the onset, perastence, and
gpatid extent of regiond hydrologic drought.

The god of thisresearchisto identify how and to what extent large-scae amospheric circulation
patterns can be linked with drought and low streamflow in New England (NE). Using Satigticsto link
vaiaionsin NE streamflow with well-known indices for atmospheric circulation patterns, our results,
coupled with those from previous studies (Namias, 1966; Rogers and Van Loon, 1979; Hartley and
Keebles, 1998; Leatherset d., 2000; Barlow et d., 2001), help to place NE in the context of the global
climate sysem. Also, by providing evidence for physica associations between NE regiond climate and
dominant modes of Northern Hemisphere climate variahility, the seasona predictability of NE
hydroclimate could improve to the extent that the occurrence and persistence of large-scde dimatic

disruptions can be predicted (e.g., Piechota and Dracup, 1999; Cordery and McCall, 2000).

Large-Scale Atmospheric Circulation Patterns and NE Climate; Previous Work

LaNinaand El Nino mark extreme "events' in the El Nino/ Southern Oscillation (ENSO) cycle.
The“sgnd” from an ENSO event usudly reaches the extra-tropics during the "mature phase”’ of ENSO -
the January immediately following an event year (Diaz and Markgraf, 1992). Hence, teleconnections
between ENSO and mid-|atitude climates are typicaly most gpparent during winter. Based on storm:
track data from 1951-1997, Kunkd and Angel (1999) found an increase in the frequency of Gulf-of-
Mexico-generated cyclones and decreased frequency of Canadian Shield-generated cyclones during El
Nino winters; the oppositeistrue during La Ninawinters. Rogers (1984) noted similar sea-level pressure

(SLP) patterns, with generdly higher pressures over the Canadian Shield and relatively low pressuresin



the Gulf of Mexico/ Cape Hatteras region during El Nino winters. Also, Hirsch et d. (2001) noted a
marked increase in East Coagt winter sorms during El Nino winters.

Despite the rlevance of the above mentioned storm tracks to winter weether in NE (Ludlum,
1976), results from a number of studies indicate no clear link between ENSO and New England climate
(e.9.: Ropdewski and Hapert, 1986; Kahya and Dracup, 1993; Dracup and Kahya, 1994; and Piechota
and Dracup, 1996). Still, the evidence that ENSO influences extratropical atmospheric circulation is
unequivocad and therefore warrants the incluson of an ENSO index in this study. Furthermore,
Ropdewski and Hapert (1986) pointed out that the regions without consistent ENSO-rdlated Sgnds
might indirectly fed the effects of the ENSO cycle through the pogition of other ENSO-related phenomena
such as the Pacific/ North American (PNA) pattern.

The PNA pattern describes the character of mid-tropospheric airflow across North America
(Wdlace and Gutzler, 1981). The PNA index isafunction of the phase and intengity of quas-dtationary
Rossby waves over North Americaand is said to be a good indicator of the mean location of the polar
front jet during colder months (Leathers et d. 1991). Leatherset a. (1991) examined the reations
between an index for the PNA and Nationa Climate Data Center (NCDC) divisond temperature and
precipitation data from 1947- 1982 but did not examine streamflow. While significant negative
correlations between NE temperature and the PNA were evident (r =-0.3to -0.5infdl and winter), a
PNA.-precipitation Sgna was not as clear or consgtent. An invedtigation of variationsin the PNA pattern
during warm ENSO events indicated that sgnificant east-west shifting of the East Coast pressure trough
can result in highly variable effects on NE climate, without any change in PNA index vaues (Keebles,
1992). Still, Barlow et d. (2001) concluded that 1962-1966 NE drought conditions were linked to a

tropospheric wave anomaly over the Pecific/ North American region including acyclonic center near NE



that “oppoded] the climatologicd summertime inflow of moisture into the northeastern [U.S]]” (pp. 2122).
Both Barlow et a. (2001) and Namias (1966) suggested that these conditions were related to persstent
above-average North Pacific SSTsin a broad region centered around 40°N, 160°W. Not surprisingly,
Leathers and Palecki (1992) noted a significant inverse relaionship between SSTsin the same North
Pecific region and the winter PNA index; above norma North Pacific SSTs are associated with amore
zona PNA pattern. Given the gpparent connection between continental-scale tropospheric wave

anomdies and NE drought conditions, a PNA index isincluded in the following andyss

Figure 1. Schematic illustration of N. Atlantic Atmospheric conditions
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The North Atlantic Oscillation (NAO) is the dominant
mode of SLP varigbility in the North Atlantic region (Hurrell,
1995). The NAO index, defined here as the SLP difference between the Azores high and the Icelandic
low, describes the steepness of a north-south atmospheric pressure gradient across the North Atlantic
Ocean (Figure 1). When the NAO shifts between its modes of variability, the North Atlantic Ocean
experiences changes in wind speed and direction that affect heat and moisture transport to the surrounding

continents and seas (Hurrell, 1995).



Thereislittle evidence for an association between NE precipitation and NAO variability, however
other NE regiond climatic variables that may influence streamflow have been linked to the NAO. For
example, sgnificant associations have been observed between the NAO and NE regiond tropospheric
arflow (Yarna and Leathers, 1988; Hurrdll, 1996; Hartley and Keebles, 1998), surface air temperatures
(Bradbury et d., submitted (a)), storm-track patterns (Rogers, 1990; Hartley and Keebles, 1998;
Thompson and Wallace, 2001), snowfdl variability (Hartley and Keebles, 1998), tree-ring chronologies
(Cook et d., 1998), and coastal SST's (Rogers and van Loon, 1979). Furthermore, of particular
relevance with respect to drought, Rogers and van Loon (1979) and Rogers (1990) found that some SST
and SLP anomdlies related to the phase of the winter NAO persst into the following seasons, suggesting

that spring and summer climatic conditions may aso be linked to the phase of the winter NAO.

DATA AND METHODS

Regional Hydroclimate Indices

The NCDC monthly divisonal precipitation and temperature data (NCDC, 1994) were used for
the 15 dimate divisons of NE from 1895 to 1999 (Figure 2). The climate divisons share Smilar climates,
with consderation to topography, proximity to bodies of water, data availability, and political boundaries
(Karl and Knight, 1986). Derived from a changing network of daily observations, NCDC precipitation
data (Karl and Knight, 1986) represent the longest published monthly index for NE hydroclimate

variability and were therefore compared with the atmospheric circulation indices over their entire length of



record. Winter averages of the NCDC temperature data were used in multiple-linear regresson andyses

to examine the possible influence of regiona temperature on winter sreamflow varigbility.

New England Climate Divisions and Map USGS Station Name Record
Stream Gauging Station Locations # # length

1 1014000 St. JohnR. 1927-99

Map Legend 2 1010500 St. JohnR. 1947-99

2' 1 3 1011000 Allagash R. 1932-99

A State Boundaries 3 4 1010000 St. John R. 1951-99

4 5 1030500 Mattawamkeag R. 1935-99

*.-. NCDC Climate Division ° 6 1031500 Piscataquis R. 1903-99

Boundaries 7 1047000 Carrabassett R. 1926-99

8 1055000 SwiftR. 1930-99

: 9 1022500 Narraguagus R. 1949-99

° gtS?S Sl_trea'tT.‘ Gauging 10 1057000 L.Androscoggin R.  1932-99

SUOIILOCHLONS 11 1038000 Sheepscot R. 1939-99

12 1060000 Royal R. 1950-99

13 1052500 Diamond R. 1942-99

B 14 1137500 Ammonoosuc R. 1940-99

o 15 1064500 SacoR. 1930-99

16 1076500 Pemigewasset R. 1904-99

17 1078000 Smith R. 1919-99

18 4293500 Missisquoi R. 1934-99

19 4296000 BlackR. 1952-99

20 1134500 Moose R. 1948-99

21 4287000 DogR. 1936-99

22 1144000 White R. 1929-99

23 1333000 GreenR. 1950-99

24 1162500 Priest R. 1953-99

25 1169000 North R. 1950-99

26 1180500 Mid. Br. Westfield R.  1911-64

27 1121000 Mt Hope R. 1941-99

28 1188000 Burlington Br. 1932-99

29 1119500 Willamantic R. 1935-99

30 1127500 Yantic R. 1931-99

31 1193500 Salmon R. 1929-99

32 1204000 Pomperaug R. 1933-99

33 1196500 Quinnipiac R. 1931-99

34 1111500 BranchR. 1957-99

35 1118000 Wood R. 1953-99

36 1117500 Pawcatuck R. 1942-99

37 1118500 Pawcatuck R. 1942-99

Figure2. NCDC climate divisions and stream gauging station locations. Numbers on the map correspond to streams

listed at right.

United States Geologicd Survey (USGS) daily streamflow data were averaged into monthly time
seriesfor thisanadyss. Hydro-Climatologica Data Network (HCDN) (Slack and Landwehr, 1992)
criteriawere used to distinguish good quality records from those that are confounded by anthropogenic
influences. Since streamflow is the shortest regiond climate index used in this study, length of record was

our firg priority in selecting sations from the HCDN. We a so tried to achieve adequate spatial coverage



of the entire NE region. However, heavy human impacts on many streamsin the more populated (i.e.
coadtd) regions limited the availability of suitable records from these areas. Figure 2 lists the 37 HCDN

Stream gauging stations that were used in this study and illustrates their locations.

Indices for large-Scale Atmospheric Circulation

The Southern Oscillation Index (SOI) data were taken from the Nationd Centers for
Environmentd Prediction (NCEP). Thisindex for ENSO is based on monthly SLP anomalies from
Dawin, Audrdia, and Tahiti, normaized by the sandard deviation of the monthly vaues from January
1951 to December 1980. The index was caculated by NCEP by dividing the difference between the
normalized SLP a the two stations by the standard deviation of the monthly differences from 1951-1980
(Chelliah, 1990). The main reason for using thisindex is that we found ENSO indices based on SST data
to have higher levels of autocorrelation, making them less suitable for corrdaion anayses, which isthe
primary satistica tool used in this study.

Theindex for the PNA was taken from the NCEP Climate Prediction Center’s (CPC) Northern
Hemisphere Teleconnection pattern andyss. Thisindex is derived from arotated princi pa-component
andyss (RPCA) of Northern Hemisphere monthly mean 700-mb height anomalies (Barnston and Livezey,
1987), in which the PNA was identified as an important teleconnection pattern in dl months except June
and July (January 1964-July 1994). The CPC’'s RPCA andyss determined 10 principa patterns for each
month based on the entire flow field, not just afew seected grid-points, thereby creating the most robust
sgnature of the amospheric circulation patterns during the period of record. When the index is positive,

the arflow acrossthe U.S. tends to be more meridiond; negative index va ues represent more zond (west



to east) flow. The CPC' s monthly PNA index is available from January 1950 to the present (excluding
June and July); therefore al correlation analyses related to the PNA are from 1950 to 1999.

The monthly NAO index was taken from the Nationa Center for Atmospheric Research (NCAR),
as defined by Hurrd| (1995), usng Stykkisholmur or Akureyri, Iceland, and Ponta Delgadas, Azores, as
the SLP gations. The monthly index is defined as the difference between normalized monthly SLP
anomadies from each gation. To achieve normdization, each monthly SLP anomaly was divided by the
long-term (1865-1984) standard deviation from the respective stations. This version of the index was
used because it more accurately captures the non-winter varigbility in the NAO (compared with indices
that use SLP data from Portugd and Gibrdtar), in seasons when the subtropica high-pressure system
shifts away from the mainland (Rogers, 1990; Hurrell and Van Loon, 1997). Stll, it should be noted that
the correlation vaues between the two centers of action are Sgnificantly closer to zero during the warmer
seasons, making the monthly index proportionately less meaningful for thet time of year (see Table 1 in:
Hurrdl and Van Loon, 1997). The winter (DJFM) NAO index was a0 taken from NCAR, using the
same datisticd methods as the monthly index; however SLP anomaly data from Lisbon, Portugd, were
used for the southern station. Thisis because, during the December- March season, the sgna-to-noise
ratio of the Icdland- Portugd index is higher than the index based on lcdand-Azores (see Table 1 in:

Hurrdl and van Loon, 1997).

Methods Overview

The focus of thisresearch is a corrdation andyss between hydroclimatic variablesin NE and

indices for large-scale atmospheric circulation. To conform to the assumptions of regression and Pearson

10



gatistics, the following section describes how monthly precipitation and streamflow data were "normdized”
through atwo-step process. First, each sample was transformed to reduce right skewness, and then
standardized to reduce month-to-month autocorrelation and seasondity in the precipitation and streamflow
records.

Smple"pairwisg’ regresson andyss was used to identify the climate indices that show sgnificant
linear correaions with regiona precipitation and streamflow. Here, each of the large- scale atmospheric
indices, on monthly (al year) and seasond (winter only) time scales, are corrdlated with precipitation from
al 15 NCDC divisons and streamflow at 37 gauging stationsin NE (Figure 2). For the remainder of the
sudy, only winter-average (Dec. - March) data were used because it is during this season that the PNA
and NAO indices are most highly correlated with regiond streamflow. It isaso during the winter that the
climate indices are the most robust and significant characterizations for Northern Hemisphere atmospheric
circulation. March dataare included in our winter averages because: 1) the winter index for the NAO
(Hurrell, 1995) includes SLP data from March; and 2) NE typicaly experiences winter wegther (i.e.: the
polar front is frequently to the south of NE) during March (Ludlum, 1976) and snowfdl is abundant.

Next, physica causes for gpparent teleconnections found through the pairwise regresson anayss
are investigated usng multiple linear regresson (MLR) techniques. Thiswas dore via 10 case studies,
where MLR modes were used to predict sreamflow. By including more than one climate varigblein a
regresson mode for streamflow, the significant predictor variables could be examined in the context of
other potentidly influential variables. This involves examining interrelationships between predictor variables
and developing a conceptud mode of the important drought-related feedback mechanisms operating
within the regiond hydrologic sysem. Findly, multi-annual and decadd- scae dimate variability were

compared to examine low frequency associations between NE regiona streamflow and the NAO and
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PNA indices. To do this, winter sreamflow and the climate indices were smoothed and then compared

using correlaion gatistics.

Data Normalization

When non-normd data are used in correlation andyses thereis arisk that confidence intervals will
beinvdid (Hesd and Hirsch, 1992). To work with gpproximately norma data, each sample of divisond
precipitation data was “normdized” by atwo-step process. Firg, dl monthly data were transformed using
acube-root transformation. Second, they were standardized to account for seasona variability, and to

limit autocorrdaions. The “standardization” of the precipitation vaues was accomplished as follows:

_ P1/3m,y _ E(Pl/Sm)
S(PY%m)

P,y

where P1’3m,y Is a cube-root-transformed divisond precipitation vaue for the month-m and year-y,
E(P*3,) is the mean of dl cube-root-transformed monthrm values, and S(PY3,,) is the standard deviation
of dl the cube-root-transformed month-m vaues. This standardization procedure produces monthly
precipitation vaues (pm,y) in terms of their standard deviation from the average for the month in which each
vauewasrecorded. “Normaized” monthly (January- December) precipitation data are hereefter referred
to as PPTm, and winter averages (December — March) are caled PPTw. Our criterion for achieving
normalization was satisfied, usng the Probability-Plot Correlation Coefficient test (Vogd, 1986, 1987),
when more than half of the data samples from each population tested positive for normdity with a least

95% confidence.
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The same normalization procedure was performed on the streamflow data, except that alog-

transformation was used prior to sandardization:

q — loglO(Qm,y) - E[(loglo(Qm)]
Sll0g,,(Q,)]

where 10g10(Qm,y) is alog-transformed streamflow value for month-m and year-y, E[10gio(Qm)] isthe
mean of al log-transformed month-m vaues, and J10g10(Qm)] isthe standard deviation of dl the log-
transformed month-m values. This standardization procedure produces monthly streamflow vaues (gm,y)
in terms of their sandard deviation from the average for the month in which each value was recorded.
“Normdized” monthly and winter-averaged streamflow data are heresfter referred to as Qm and Qw,
respectively. Winter averages of NCDC temperature data (TEMP) were generdly normaly distributed

and therefore not subjected to a normalization procedure,

Monte Carlo Smulations. Establishing Critical r-Values

The downfdl of testing multiple hypotheses, or “multiplicity”, is that each time an additional nulll
hypothesisis tested, the probability of making atype-1 error (concluding that an association exists when
one does not), increases geometricaly (Brown and Katz, 1991). Further satistical problems arise
because hydrologic and climatic data often show strong persistence, or autocorrelation. The use of Monte
Carlo smulations to establish critica r-vaues diminates datistical concerns related to multiplicity and
autocorrel ation.

Monte Carlo Smulations were used to establish critica r-values for the Pearson correlation

analyses between the climate indices (independent variables) and both PPT and Q (dependent variables).
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Smulaions imitate the multiple hypotheses that are tested between each individud dlimate index (X) and
each group of m normdly-distributed dependent variables[Y; (i = 1,..., n)]. In each Monte Carlo
amuldion, Y;’ s are replaced by agroup of m “proxy” computer generated, normaly didtributed, white-
noise series (Z;). For each climate index, the smulation is run 2000 times, m* 2000 Pearson r-vaues are
produced, and then ranked. Next, critical r-vaues (at the 0.05 sgnificance leve, for example) are set for
each dependent variable by smply identifying the 95™ percentile of the ranked r-vaues. Different Monte
Carlo amulations are run to generate confidence levels for each “stuation” [e.g.: corr(NAO,Qw);
corr(PNA,Qw): etc]. With thistechnique, any autocorrelation within a climate index’ s time series does
not confound the statistical Sgnificance of the results because smulations are done to determine specific
critica r-vaues with respect to each climate index.

To account for cases with sgnificant autocorrelation in Y, the set of m white noise series Z; are
replaced by normdly distributed red-noise series that contain the same levels of autocorrelation as the
average Y;, from ther repective populations. The varying lengths of streamflow records (n) (Figure 2)
requires that multiple Monte Carlo smulations are run to replicate the streamflow analysis & various time

steps (i.e.: 1900-1999, 1910-1999, etc.) and critical r-vaues were used for records with comparable

lengths.

Record Smoothing and Decadal-scale Comparisons

To investigate the possibility of decadal scale associations between Qw and both the NAO PNA
indices, these records were smoothed. Robust splines were used as smoothing filters to remove less-thant

decadd variability and the weights were chosen objectively with the aid of spectra andyss. The
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smoothed records had very high levels of first order autocorrelation (coefficients up to 0.90) so red-noise
series with the same level of autocorreation were used in the Monte Carlo smulations to determine the
critica r-vaues at the 0.10, 0.05, and 0.01 sgnificance levels. Next, regresson analysis was used to

estimate the amount of low-frequency variability shared by Qw and both the NAO and PNA indices.

RELATIONSHIP OF NE HYDROCLIMATE TO CIRCULATION INDICES

Correlation Analysis Results

No datidicdly sgnificant linear associations were found between monthly, and winter-averaged
SOI, and PPT or Q (a< 0.05). Thisis congstent with previous investigations into ESNO teleconnections
and the NE region. One reason for the lack of correlation between our hydro-climatologica data and the
SOl may be due to the notable difference in structure between their respective time series. Given the high
levd of perastence in the SOI, a corrdation andyss may be somewhat ingppropriate. Therefore, event-
specific coding of the SOI isdonein the MLR andyssto get adifferent perspective on how ENSO could
be related to NE hydroclimate.

Our andysis reveded no sgnificant (a= 0.05) associations between NE PPT and the PNA.
There are, however sgnificant correlations between the PNA and both Qm (h=499) and Qw (n=50) at a

two stationsin NH and ME (Figure 33). These results suggest that ameridiond circulaion is
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Fig. 3a: Results of the monthly and winter correlation analyses between the PNA and Q for the periods of record

listed in Figure 2.

sgnificantly related to higher streamflows (and zond circulation associated with lower streamflow) ina
region centered near the middle of New Hampshire and Maine. The spatia distribution of the winter
correations (Figure 3a, right panel) broadly resembles the January “New England pattern” identified by
Lins (1997), suggesting a possible PNA link to that mode of regiona streamflow variahility. Unfortunately,
the lack of previous research relating the PNA to NE dimate limits our ability to explain the physical nature
of the streamflow-PNA teleconnection. Possible remote forcing mechanismsfor thisrelationship are
discussed in the following section and in the conclusion of this paper.

There are no Satigticaly significant correations between NE PPT and the NAO. However, the

NAO issgnificantly corrdaed with Qm at many locations (a= 0.05). The spatid distribution and strength

16



of the correlations between both Qm and Qw and the NAO indicesisillugtrated in Figure 3b. Whilethe

winter r-values are not above the 0.05-Monte Carlo atistica sgnificance level, some are close and there

isgpatia coherence between the regions that show the highest correlations with the monthly NAO indices

and those that show the highest r-vaues during winter.
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Figure 3b. Same asFigure 3a but for NAO and Q. None of the r-values from the winter correlation analysis were

significant above the 0.05-level however several were close.

Also, results from atwo-way ANOVA modd indicate that the phase of the NAO isasignificant (a=

0.05) predictor of mean Qw, especidly in VT and western MA. The obvious problem isto explain why

NE streamflows are significantly correlated with the NAO, yet there appears to be no association between

the NAO and PPT. Certainly, precipitation is not the only climatic variable that controls the digtribution
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and variability of runoff, particularly in winter; therefore an in-depth andysis of 10 “case-study” streams

was conducted to address this issue.

Multiple Linear Regression and Qw Prediction; Results from 10 Case Studies

As shown, Qw in some regions is Sgnificantly correlated with the NAO and the PNA indices,
while PPTw in the same regions gppears uninfluenced by these atmospheric circulation patterns. To
provide a better understanding of the physicd controls on NE winter streamflow variability, sepwise
multiple linear regresson (MLR) is used to rdate 10 inland streamsin Connecticut, Vermont, New
Hampshire, Massachusetts, and Maine with possible predictors for Qw. The predictors that were
consdered include: PPTw, TEMP, the SOI, the PNA, and the NAO. Because the PNA wasincluded in
each stepwise regresson andysds, only winters from 1950-1999 were considered in this section of the
sudy. Findly, snce our corrdation andyses dready determined that significant associations exist between
both the PNA and the NAO and Qw, each MLR modd is considered to be atistically independent of the
others (i.e: multiplicity was not accounted for when determining the sgnificance levels discussed in this
section).

The best moddsfor Qw at most streams included significant terms (in order of significance) for:
PPTw, TEMP, and the PNA and/ or the NAO. These reaultsindicate that variability inthe NAO and
PNA indices accounts for winter streamflow variability in some way that isindependent of PPTw and
TEMP. Hence, other mechanisms, besides precipitation or temperature-driven snowmedt, must explain a

least part of the NAO and PNA signdsthat were found in NE Qw.
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Coded values for the NAO and SOI were also considered, such that the top and bottom 25"
percentile of NAO and SOI winters were designated as positive and negative events, respectively, and all
others were designated as “non-events’.  Interestingly, when the coded indices were included in our
stepwise regression procedure, Sgnificant PNA terms were replaced by a (more sgnificant) coded SOI
term in severd models of Qw from CT, MA and southern VT. Regardless of which term is used (the
coded SOI or PNA index) these results suggest that a Pacific 9gnd is detectible in Qw, such that La Nifia
events (or negative PNA patterns) are dryer than non-ENSO or El Nifio winters (or positive PNA
patterns) at these Stes. Thisis not surprising consdering the fact that the winter PNA is highly correlated
with the SOI (r = -0.61, p-vaue = 0.001); this teleconnection has been noted in other studies aswell (e.g.,
Leathers and Palecki, 1992).

In contrast to the PNA, the NAO has been linked to severd indices for NE regiond climate,
providing us with the opportunity to speculate about some possible physical explanations for the observed
NAO-Qw rdationship. Sincethetempord didtribution of winter sreamflow in NE is significantly affected
by the proportion of precipitation that falls as snow (Hartley and Dingman, 1993), the role of NAO-
related snowfal variability (Hartley and Keebles, 1998) was consdered as one possible mechanism for the
NAO-Qw link. However, NAO-relaed snowfdl cannot account for aregiondly coherent NAO-Qw
sgna, snce Qw a northern sites shows a sgnificant negative corrdation with snowfdl, whilein CT, where
spring melt occurs earlier, positive correlations are observed between Qw and snowfdl (not shown).
Another possible explanation involves the observed positive correlation between the NAO and regiona
temperatures (Bradbury et d., submitted (a)). Regiond TEMP indices are generdly positively corrdated
with Qw and PPTw; in some cases TEMP aone explains up to 30% of Qw variability. Apparently,

winters characterized by more frequent cold-air advection into the region aso tend to be drier than normd.
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Furthermore, positive correlations between regiond SSTs and the NAO may beinvolved in a positive
feedback loop between regional surface air temperatures, SSTs, and the NAO (Bradbury et d.,
submitted (a)). It seemslikely that other factors, including low-frequency changesin NAO-related storm-
tracking patterns (Rogers, 1990; Hartley and Keebles, 1998; Bradbury et d., submitted (b)) or varigbility
in regiond doudiness and evapotranspiration may aso play arolein the observed NAO-Qw sgnd.

Along with the previoudy mentioned PNA/ SOI teleconnection, it is worth noting that the winter
PNA and NAO indices are linked (r = 0.30, a= 0.05). While an association would be expected, the sign
(positive) of the correlation is counterintuitive based on our conceptua understanding of what each index
means in terms of regiona atmospheric circulation. A negative PNA index is known to indicate zond
conditions while this flow regime in the North Atlantic region istypically associated with a postive NAO
index. This gpparent discrepancy highlights the need for different indicesto better characterize NE

regiona atmospheric circulation (Bradbury et d., submitted (a)).

Decadal-Scal e Associations between the NAO and Winter Streamflow

Comparisons between smoothed records for Qw and the winter NAO index revea an important
low-frequency component to this teleconnection (Table 1). Similar results were observed with respect to
the NE snowfal-NAQO association (Hartley and Keebles, 1998). The same procedure was used to
compare the winter PNA with Qw; however no evidence for amulti-annua association was found. Time

series plots of 12 regionally representative streams (Figure 4) show
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TABLE 1. Smoothed Qw correlated with a smoothed record of the Winter NAO. Vermont and New
Hampshire Qws show the strongest signs of correlation with the winter NAO on decada-time-scales.
M assachusetts and Connecticut dso have high r-vaues however no Qw vaues from these states were
sgnificant a the 0.10-leve.

Qw
smoothed
Station N Pearson-r
MAINE
Allagash 67 0.62
Carrabassett 73 0.56
Little Androscoggin 67 0.46
Mattawamkeag 64 0.56
Narraguagus 50 0.50
Piscataquis 96 0.22
Royal 49 0.50
Sheep 60 0.58
St. John at Dickey 52 0.60
St. John below Fish R. 72 0.58
St. John at Ninemile 48 0.56
Swift 69 0.68
New Hampshire
Ammonoosuc 59 0.73
Diamond 57 0.83**
Pemigewasset 95 0.59
Saco 69 0.73*
Smith 80 0.54
Vermont
Black 47 0.78
Dog 63 0.79*
Missisquoi 65 0.76**
Moose 51 0.75
White 70 0.79**
Massachusetts
Green 49 0.60
Westfield and North 49 0.63
Priest 46 0.75
Connecticut
Burlington 67 0.57
Mt. Hope 58 0.56
Pomperaug 66 0.62
Quinnipiac 68 0.57
Salmon 70 0.48
Willamantic 67 0.58
Yantic 68 0.53
Rhode Island
Branch 42 0.61
Pawcatuck at Westerly 57 0.37
Pawcatuck at Wood R. 57 0.09
Wood 46 0.57

** = r-yalue significant at the 0.05-level
* = r-value significant at the 0.10-level
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that the low-frequency link between Qw and the NAO is not awaysin phase or equd for al NE streams.
It should dso be noted that the smoothing splines gpparently have a tendency to exaggerate trendsin these
records near the beginning and end of each original time series (Figure 4). Notwithstanding these
problems; it is evident that decadd- scde streamflow varigbility, particularly from western inland sites, is
generdly wdl corrdated with equivaent trends in the NAO index. While dow-to-change e ements of the
hydroclimatic system such as regiond SSTs and the hydrologic storage effect are likely to play a
mechanigtic rall in this low frequency association, more research is needed to fully explain the physicd

nature of this phenomenon.

SUMMARY AND CONCLUSIONS

Theinfluence of large-scale amaospheric circulation on interannua to decadd-scae New England
hydrodimatic varigbility isinvestigated is this multi- step investigation. Winter and monthly averaged NE
streamflow shows subtle yet significant links with the NAO and PNA teleconnection patterns. However,
regiond precipitation variagbility is uncorreated with these patterns, suggesting that a combination of other
factors including temperature, cloudiness, evapotrangpiration, and storm tracking may play arolein
explaining the observed gatigticd rdationships. Building on this discussion, and our conceptua models
described herein, possible physical mechanisms for the observed tel econnections have been subsequently
investigated by the authors through the development of regiond indices for winter atmaospheric circulation

(Bradbury et al., submitted (a)) and regiond cyclone variability (Bradbury et d., submitted (b)). Further
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research, with a broader geographica range, may yidd amilar results Snce neighboring U.S. states
gpparently share a common low-frequency hydroclimatic behavior with NE (Lins, 1997).

Despite the lack of sgnificant correlations between the PNA and NE precipitation, our results are
congstent with previous work, which indicates that lower streamflows in centrd NE are linked to a zonal
(negative) Pacific/ North American pattern. Barlow et d. (2001) concluded that a more zond summertime
North American amospheric flow regime is associated with adry northeastern U.S. Smilar North
American tropospheric flow is aso associated with positive SOI (La Nina) winters and high SSTsin the
North Pecific Ocean (centered at 40°N, 160°W). It isworth noting that the PNA-North Pecific SST
teleconnection may also be linked to variability in the SOI. Indeed, aong with the PNA-SOI link
described earlier, thereis aso evidence for asgnificant inverse relationship between North Pacific SSTs
and equatorid Pecific SSTs (ENSO) (Allan, 2000), dthough the details of thisrelationship remain
somewhat controversid (Barlow et a., 2001). While the teleconnections that we observed are subtle, and
explain little of the overd| variance in NE winter sreamflow, their satistical significance warrants further
investigation, particularly given the potentid that ENSO has shown with regard to hydroclimatic forecasting
in other extratropica regions (Piechota and Dracup, 1999).

A mechanism explaining how negative NAO winter conditions could trandate into lower
greamflows in NE involves the position of the polar front jet. When the NAO is negative, the Icelandic
Low isamnormdly high and farther to the southwest of Icdand. Thisweakened low is associated with
frequent blocking over Greenland (Shabbar et d., 2001) and meridiond flow in the North Atlantic region.
Atlantic blocking conditions enhance the East Coast trough and shift the polar front jet to a podition farther
south than norma (see Figure 1, lower pand). Under these conditions, NE temperatures are generdly

lower and coastdl storms (including Nor’ easters) tend to increase in frequency (Jones and Davis, 1995).
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Thompson and Wallace (2001) aso noted more frequent Nor’ easters in the NE region associated with
negative NAO conditions. In light of these observations, our results are somewhat counterintuitive;

Nor’ easters are known to bring significant moisture to the NE region, therefore above-average
precipitation and streamflows might be expected. However, given that an enhanced regiond trough favors
coadta storm activity, an important consderation in terms of NE hydroclimate becomes the mean
orientation of this storm track. For example, if the mean axis of the coastd storm track (associated with
the enhanced trough) is shifted seaward, sorms are less likely to deliver precipitation to the mainland
(Namias, 1966; Yarna and Leathers 1988). Furthermore, if an eastward-displaced coastal storm track
persgsinto the spring and summer, following a series of negative-NAO winters, this would promote

bel ow-average annud streamflow, particularly inland. Bradbury et d. (submitted (8)) illudtrate the
importance of east-west shifting in the East Coast trough in terms of NE regiond precipitation, particularly
inland, and show that a negative NAO index is commonly associated with eastward displacement of this
trough. An explanation for why our correlation analyses did not detect a relationship between the NAO
and PPT could be that precipitation is more sengtive to trangent aamospheric variahility (eg., big

Nor’ easters), whereas streamflow integrates other factors including the hydrologic storage effect and
regiond evapotranspiration, and is therefore more representative of low-frequency anomdiesin regiond
hydroclimate, such as drought.

A discussion of the climatic conditions associated with the record 1960s NE drought expands on
our conceptua model of the link between low streamflow and a negative NAO index. Persstent negetive
NAO conditions, cool surface air and below-average SST's, and regiona postive feedback mechanisms
(below average water tables and soil moisture) were responsible for 1960s regiona drought persstence

(Namias, 1966). Namias aso noted an eastward-displaced trough (at roughly 60°W) during every year
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of this drought event, which he attributed in part to anomaoudy cold regiona SSTs. Our results aso
indicate that the NAO-NE hydroclimate link is most apparent in the low-frequency spectrum, again
suggesting that a negative NAO trend could contribute to the persistence of regiond hydrologic drought.
Also, evidence that the winter NAO index is highly correlated with in-phase, and one-year-lagged,
regiond SST anomadlies suggests that the ocean’s “memory” for previous conditions adds to the multi-
annual association between the NAO and NE climate (Hartley and Keables, 1998). Furthermore, this
low-frequency link may be of particular relevance for future regiond winter hydroclimatic forecasting,
consdering that modeing studies of North Atlantic climate (driven by SSTs) have been most successful a
predicting multi-annual trends in the NAO (Rodwell et d., 1999; Mehtaet d., 2000). Therefore, to the
extent that NAO predictability improves, it may become a useful forecasting tool for important trendsin

NE winter hydroclimate, particularly in the low streamflow regime.
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