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[1] Mapped correlations between annual discharges (AD 1938–1990) of the major
Eurasian rivers entering the Arctic Ocean (Severnaya Dvina, Pechora, Ob’, Yenisey, Lena,
and Kolyma) demonstrate a positive relationship between discharge and the Palmer
Drought Severity Index (PDSI) within the individual basins and more distant areas. The
relationship between recent discharge and PDSI supports the application of
dendrohydrological modeling to produce reconstructions of discharge extending back
before the 20th century. The dendrohydrologic models explain from 41% (Yenisey) to
55% (Pechora) of the observed variability of flow in the individual basins and 39% of the
total combined discharge. Discharge reconstructions for the period AD 1800–1990
indicate that there is no long-term monotonic trend toward higher discharge over the past
200 years. Reconstructed annual discharge for the individual rivers and the total discharge
from all the rivers experienced in the 20th century are within the bounds of natural
variability experienced over the past 200 years. The S. Dvina, Pechora, Ob, and Kolyma
reconstructions do display significant multidecadal variability in discharge similar to that
observed in the North Atlantic, North Pacific, and Northern Hemisphere climatic
parameters. Although the translation of such variability to the river discharges remains
uncertain, the presence of multidecadal variability makes it more difficult to detect or
ascribe annual discharge changes that may be attributable to global warming.
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1. Introduction

[2] Sustained increases of river discharge from northern
Eurasia into the Arctic Ocean basin could be a key diag-
nostic of global climate warming. In addition, through its
impact on North Atlantic Deep Water (NADW) formation,
increased input of freshwater to the Arctic Ocean might
potentially alter ocean circulation and global climate
[Aagaard and Carmack, 1989; Broecker, 1997; Manabe
and Stouffer, 1994; Peterson et al., 2002; Rahmstorf, 2002;
Vellinga and Wood, 2002; Arnell, 2005]. For this reason,
detecting and understanding the natural variability and
genesis of such increases in high-latitude river discharge
is of critical importance to climatic change research
[Vörösmarty et al., 2001]. Increases in northern Eurasian
discharge have been linked to enhanced transfer of moisture
to the northern high latitudes resulting from altered climate
patterns associated with global warming [Peterson et al.,
2002; McClelland et al., 2004]. On a regional scale,
permafrost thawing could also produce a transient increase
in freshwater delivery to northern Eurasian Rivers, although

the duration and intensity of warming required for this
remains unclear. Similarly, deforestation due to increased
fire frequency could promote increased runoff and enhanced
discharge [McClelland et al., 2004]. A growing influence of
groundwater sources has also been proposed to explain
some of the Eurasian discharge increases [Smith et al.,
2007].
[3] Understanding the potential drivers and impacts of

increased freshwater discharge from Eurasia has become
more critical following recent studies that indicate such
increases in discharge may have occurred in recent decades.
Work by Peterson et al. [2002] suggested that the net
discharge from the six largest Eurasian rivers flowing into
the Arctic Ocean (Severnaya Dvina, Pechora, Ob’, Yenisey,
Lena, and Kolyma) increased by �128 km3 a�1 (�7%)
from AD 1936 to 1999. The greatest relative increase in
discharge was observed in the winter (December, January,
and February). Although subsequent analysis of discharge
records suggests that the construction and operation of large
dams may have altered the seasonal distribution of dis-
charge [Yang et al., 2002, 2004; Ye et al., 2003; McClelland
et al., 2004], an overall annual increase in discharge appears
to be a robust feature of the recent hydrology [McClelland
et al., 2004]. Smith et al. [2007] find baseflow increases
since �AD 1985 to be largely unprecedented in the instru-
mental record. In addition, there is some evidence of
contemporaneous freshening of the North Atlantic in recent
decades [Curry et al., 2003; Curry and Mauritzen, 2005].
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[4] It has been argued the discharge gains experienced in
the late 20th century are related to large-scale climatic
patterns associated with climate warming [Peterson et al.,
2002; McClelland et al., 2004]. Although Peterson et al.
[2002] correlated the increasing discharge with increasing
global temperatures and the North Atlantic Oscillation
Index (NAO), resolving the exact nature of the climatic
changes influencing flow, and how the impacts of climate
change are mediated through processes such as changes in
snowmelt timing, permafrost alteration and vegetation
change remains a complex problem [Yang et al., 2002,
2004; Ye et al., 2003; McClelland et al., 2004; Gedney et
al., 2006]. Key limitations include the generally sparse
nature of the Arctic climate station network and the uncer-
tainties associated with Arctic precipitation records [Serreze
et al., 2002; Yang et al., 2001; Serreze and Etringer, 2003;
Pavelsky and Smith, 2006]. Another critical limitation is the
brief span of the discharge records themselves. With a
common period extending less than 60 years into the past,
the short instrumental discharge records make it impossible
to answer the central question of whether or not the
discharge gains of past decades are unprecedented in this
and recent centuries, possibly reflecting global warming, or
if they lie within the boundaries of typical longer-term
natural variability. Furthermore, the discharge records from
northern Eurasian rivers are too short to test for the
significance of low-frequency modes of variability or long-
term associations with the NAO and the Arctic Oscillation
(AO) which vary at decadal to multidecadal timescales
[Cook et al., 2002; D’Arrigo et al., 2003; Polyakov et al.,
2005]. Given the impact of North Atlantic conditions on
northern Eurasian climate in both winter and summer [Ogi
et al., 2003] and the influence of river discharge on North
Atlantic salinity it is conceivable that significant feedbacks
link the two systems and contribute to defining such modes
of variability.
[5] One means of extending short hydrological records is

provided by the analysis of tree rings. In many cases, the
radial growth of trees, even at higher latitudes, is sensitive
to hydroclimatological parameters, such as seasonal pre-

cipitation or evaporation rates, that influence river dis-
charge and can therefore be used to reconstruct discharge
variations related to climate [Stockton and Fritts, 1973;
Pederson et al., 2001; Case and MacDonald, 2003].
Although trees from the Arctic treeline are typically sensi-
tive to temperature, stands in the boreal forest or other upper
river environments can also display significant sensitivity to
moisture [e.g., Larsen and MacDonald, 1995; Szeicz and
MacDonald, 1996; Barber et al., 2000; Pederson et al.,
2001; Drobyshev and Niklasson, 2004]. In this paper we
illustrate that discharge variability of the largest northern
Eurasian rivers is correlated with broad geographic-scale
variations in aridity as captured by the Palmer Drought
Severity Index (PDSI [Palmer, 1965]). PDSI is a synthetic
hydrometeorological index incorporating precipitation,
evaporation and soil moisture storage that is often highly
correlated with tree ring width variations and river discharge
[Cook et al., 1999; Dai et al., 2004]. We then use tree ring
records from a network of sites extending across northern
Eurasia to provide reconstructions of annual discharge for
the October to September water year for the major Eurasian
rivers entering the Arctic Ocean (S. Dvina, Pechora, Ob’,
Yenisey, Lena, and Kolyma). The reconstructions extend
back to AD 1800. We compare the discharge over recent
decades (up to AD 1990) to past discharge variability. We
also compare annual discharge to long-term reconstructions
of Siberia temperatures, the AO and the NAO. Wavelet
analysis is used to examine the discharge records for
evidence of persistent modes of low-frequency variability.

2. Data and Methods

[6] The river discharge records used in this analysis were
provided by J.W. McClelland for gauging stations near the
mouths of the six major Eurasian rivers entering the Arctic
Ocean (Figure 1). The stations are at Ust’ Pinega (S. Dvina
River), Ust’ Tsil’ma (Pechora River), Salekhard (Ob’ River),
Igarka (Yenisey River), Kyusyur (Lena River), and Kolym-
skoye (Kolyma River). The Ob’, Yenisey, Lena, and
Kolyma all support major dams and the discharge records

Figure 1. Drainage basins of the major northern Eurasian rivers and gauging stations used in the
analyses.
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have been corrected for this. The influence of reservoirs is
further mitigated by our use of annual discharge totals, as
the primary effect of dams is to alter flow seasonality but
not total annual flow [McClelland et al., 2004]. The S. Dvina
and Pechora watersheds do not have comparable dams. The
data and details on derivation of the discharge records and
corrections for the impact of major dams are available
from Peterson et al. [2002] and McClelland et al. [2004].
Water year annual discharge (October to September) was
calculated for the individual rivers and for all rivers com-
bined for the common period of AD 1938–1990. Gridded
annual PDSI values for the common period AD 1938–1990
were extracted for Eurasia from the global PDSI data set
produced by Dai et al. [1998, 2004] and are available from
NOAA at www.cdc.noaa.gov/cdc/data.pdsi.html. The grid-
ded PDSI values are calculated at a spatial resolution 2.5�
by 2.5�. Although the regional precipitation and temperature
data sets used to calculate the gridded PDSI estimates
contain some errors, a number of measures were taken to
minimize data inhomogeneities [Dai et al., 2004]. To test
the general veracity of the PDSI time series, Dai et al.
[2004] compared the values with observed soil moisture
values obtained from North America and Eurasia. For the
northern Eurasian study area, the correlations reported
between PDSI anomalies and observed soil moisture
anomalies ranged from r = 0.54 to r = 0.71 (p � 0.05).
They also found that the estimated PDSI values correlate
significantly with variations in discharge of the Lena and
S. Dvina rivers [Dai et al., 2004]. Reconstructed Siberian
summer temperatures, NAO (winter) and AO (summer)
time series that extend back past AD 1800 have been

produced by Briffa et al. [1995], Cook et al. [2002], and
D’Arrigo et al. [2003], respectively. These data are available
from NOAA at www.ncdc.noaa.gov/paleo/datalist.html. The
reconstructed series were used for comparison with our
discharge reconstructions.
[7] The tree ring chronologies used to examine the

relations between flow and ring width variations and
produce the dendrohydrological models were obtained from
the International Tree-Ring Data Bank housed by NOAA
(http://www.ncdc.noaa.gov/paleo/treering.html). We utilized
the standard ring width chronologies provided online by the
data bank. The standard chronologies are unitless indices
which present a nearly stable mean and variance. The
standard chronologies are constructed by combining the
individual tree ring width series from all radii measured at
each individual site after biological growth trends have been

Figure 2. Correlations between annual water year discharges from the major northern Eurasian rivers
and annual water year Palmer Drought Severity Index (PDSI). Outlines of the river drainage basins are
indicated in black.

Table 1. Correlations (r) Between Observed Annual Discharge of

the Major Northern Eurasian Rivers Over the Common Period AD

1938–1990a

S. Dvina Pechora Ob’ Yenisey Lena

Dvina
Pechora 0.370
Ob’ 0.070 0.086
Yenisey 0.059 0.193 0.321
Lena �0.024 0.200 �0.127 0.374
Kolyma �0.046 �0.095 �0.108 �0.103 �0.285

aBold values significant at p � 0.05. The significant values have been
calculated to account for the loss of degrees of freedom due to
autocorrelation in the time series [Dawdy and Matalas, 1964].
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removed by straight line or negative exponential detrending.
Details on detrending approaches and standard chronology
construction can be found in the work of Cook and
Kairiukstis [1990]. Typically, tree ring chronologies consist
of a large number of radii for recent years and this number
decreases back in time. There remains a potential for
changes in variance and declining subsample signal strength
over the length of the chronologies due to the decreasing
sample size of radii incorporated in the older parts of the
chronology [Briffa and Jones, 1990; Osborn et al., 1997].
To mitigate against these factors, we only used the portion
of the standard chronologies extending over the relatively
recent period from AD 1799–1991. Although this renders
relatively short reconstructions, it allowed us to preserve as
closely as possible the original environmental signals and
potential periodicities in variability at high and low
frequencies by avoiding further detrending of the chronol-
ogies or manipulations of their variance. We also limited our
data set to chronologies which contained four or more radii
at AD 1799. However, only one site had only four radii at
AD 1799, and the vast majority of the chronologies incor-
porated far more radii. The average minimum number of
radii at AD 1799 in the chronologies used in our models is
approximately 20, and some chronologies contain over
30 radii at AD 1799. In addition, the large number of
different chronologies used in our models (16 to 34) means
that the models are based on hundreds of individual radii
and further mitigates against variance changes in any one
chronology impacting the results. The resulting network of
129 chronologies extends across northern Europe and Asia
and incorporates a wide variety of species. Georeference
information and details on the specific chronologies used in
our reconstructions are available as supporting online docu-
mentation (Table S1 and Data Set S1)1.
[8] Dendrohydrological models to estimate annual average

discharge (October–September water year) for the six major
rivers were developed using the Principal Components
Analysis (PCA) based regression and cross-validation sta-
tistical approach of Hidalgo et al. [2000]. The modeling
process selects a subset of predictor sites from the 129-site
tree ring network on the basis of the partial correlations
between tree ring widths and discharge. The procedure then
uses PCA to extract the common signal from the subset that
is most highly correlated with discharge. We have modified

the original Hidalgo et al [2000] algorithm so that it now
uses negatively correlated and positively correlated tree ring
chronologies. The models use both contemporaneous values
for tree ring growth and river flow and 1-year forward and
backward lagged values of tree ring growth to capture
persistence in the relationship between moisture conditions
and ring size. More than 8000 possible model configura-
tions were tested corresponding to particular subsets of
chronologies used as predictors. Acceptable models had to
pass the cross-validation statistical tests outlined by Hidalgo
et al. [2000] in which a sign test and stability test were
performed. The sign test was used to check that in the
acceptable models the sign of the partial correlation between
streamflow and each tree ring site was consistent with the
sign of the coefficients in the regression. The PCs in the
regression were introduced sequentially without skipping
components [Garen, 1992]. Finally, a time stability check
was performed on the model to make sure the first half of
the data uses the same number of PCs compared to the case
when the model is calibrated using the second half of
the data. A delete three procedure was used to compute
the cross validation standard error. For any given year, the
previous, the current and next year were removed from the
streamflow and tree ring data sets. The remaining tree ring
data was used in a PCA and regressed to the remaining
streamflow data set. The linear regression was used to
obtain an independent estimate of the deleted current year.
The process is repeated for all the years until an independent
time series of estimated streamflow is obtained. The standard
error between this time series and the observed streamflow
is the cross-validation standard error. The model with the
lowest cross-validation standard error (CVSE) was selected
for calibration. The dendrohydrological models were
calibrated and statistically verified over a common period
of observed discharge records of AD 1938–1990.
[9] In order to test for periodic to quasi-periodic variability

in discharge, and examine the strength of such variability
over the span of the reconstructions, the estimated dis-
charges were subjected to wavelet analysis [Torrence and
Compo, 1998]. The significance (p � 0.10) of peaks in the
wavelet power spectrum was tested against an autoregres-
sive red noise background spectrum.

3. Results

3.1. Recent PDSI-Discharge Relations

[10] The spatial correlations between annual river dis-
charge in all the major basins and annual PDSI demonstrate

Table 2. Statistics for Dendrohydrologic Models for the Estimation of Water Year Discharge Calibrated Using Gauge Data for AD

1938–1990a

Total S. Dvina Pechora Ob’ Yenisey Lena Kolyma

SITES 33 17 16 34 32 28 27
MEAN RADII 19 17 16 21 20 20 20
CVSE 35266 4892 3986 18651 10879 19457 5864
r2 0.3902 0.4377 0.4129 0.5111 0.5551 0.4277 0.5354
MEAN OBS 698992 37896 41065 158865 223205 199760 38199
MEAN REC 703390 37441 40661 157651 224364 203536 38329

aSITES and MEAN RADII indicate the total of number of tree ring site chronologies selected by the reconstruction model and the mean number of radii
in these individual chronologies at AD 1799. CVSE is the cross-validation standard error of the model (see text and Hidalgo et al. [2000]). The correlation
coefficient is r2 (all r2 values indicate significance of p � 0.05). MEAN OBS is the observed mean of the discharge series (AD 1938–1990). MEAN REC
is the mean of the full (AD 1800–1990) reconstructed series.

1Auxiliary materials are available at ftp://ftp.agu.org/apend/jg/
2006jg000333.
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a geographically consistent relationship between climate in
the drainage basins and variability in flow over the common
period AD 1938–1990 (Figure 2). Correlations of r � 0.4 to
�0.6 (p < 0.05) between river discharge and PDSI over the
basin and adjacent areas are typical. For comparison, Dai et
al. [2004] reported correlations of r = 0.69, 0.61 and 0.19
between annual discharge and basin averaged annual PDSI
for the S. Dvina, Lena and Yenisey rivers respectively. The
low correlation they reported for the Yenisey may reflect
specific opposite trends that occurred in temperature and
precipitation in the region during the period of comparison,
the sparse distribution of rain gauges and the influence of
water withdrawals from the river [Dai et al., 2004]. It is
interesting that previous analysis of the relationship between
precipitation or precipitation-evaporation (P-E) and dis-
charge of the major Eurasian rivers detected less robust
relationships with the possible exception of the Lena Basin
[Serreze et al., 2002]. There are many factors that could
produce low correlations including the sparse nature of the
climatological network and possibilities of errors in the
measurements, and the influence of factors beside annual
P-E on discharge. The fact that each river appears to have a
relatively unique correlation field in terms of PDSI and

discharge is consistent with the relatively weak to insig-
nificant correlations between the water year discharge
between the six major rivers for the common period AD
1938–1990 (Table 1). Significant correlations typically
occur between adjacent basins and are positive, with the
exception of the Lena and Kolyma which have a weak but
significant negative correlation over the common period.
[11] Although correlations between discharge and PDSI

are strongest within each basin and nearby adjacent areas,
there is also evidence of wider climatic teleconnections.
Discharge from basins as far east as the Lena display
positive correlations with PDSI in the Fennoscandian–
eastern European region (Figure 2), likely reflecting the
persistent importance of moisture transport via the North
Atlantic storm track. The Lena discharge also displays
relatively high positive correlations with northern and
central China, possibly reflecting monsoonal contributions.
There is also evidence in the spatial distribution of positive
and negative correlations of a bipole in PDSI and discharge
in central northern Eurasia. This is clearest when comparing
Ob’ and Lena PDSI correlation maps (Figure 2). This spatial
patterning, with a seesaw between the eastern and western
regions, centered generally between the Ob’ and Lena

Figure 3. Comparison of observed (dam corrected) annual water year discharges and dendrohydro-
logically estimated annual water year discharges over a common period of AD 1938–1990.
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basins, is a well documented feature of Eurasian hydro-
climatology [Fukutomi et al., 2003, 2004]. The dipole
precipitation pattern is associated with the development of
anomalously strong ridge (trough) structures over western
and eastern Siberia. The structuring and resulting precipita-
tion dipole may be internally reinforced and maintained by
storm track feedbacks related to eddy vorticity fluxes
[Fukutomi et al., 2004].

3.2. Dendrohydrological Reconstructions

[12] Dendrohydrological models with the lowest CVSE
were selected for each of the major river basins and for the
total annual discharge of the combined rivers (Table 2 and
Figure 3). All of the models incorporate a number of tree
ring sites (16 to 34) distributed across Eurasia (Figure 4),
reflecting conditions at sites positively or negatively corre-
lated with the discharge of individual basins. The models
explain from 41% (Pechora) to 55% (Yenisey) of the
observed variability of flow in the individual basins and

39% of the total combined discharge. The models appear
more skillful at capturing the long-term variability in the
discharge series, and as is typical in dendrohydrological
estimates often underestimate the magnitude of individual
peak or low-flow years (Figure 3).
[13] The reconstructed discharge series extend from AD

1800 to 1990 (Figure 5). These reconstructions are available
as supporting online material (Table S1 and Data Set S1).
Similar to the correlations between gauge records of water
year discharge from AD 1938–1990, the correlations be-
tween the long-term discharge reconstructions of many of
the individual basins are insignificant (Table 3). There is
also a significant negative correlation between the dis-
charges of the Lena and Kolyma rivers similar to the
observed relationship for AD 1938–1990. These results
suggest a reasonable degree of independence in the esti-
mated discharges for each of the rivers. To further examine
the veracity of our total discharge reconstruction, we com-

Figure 4. Maps of the locations of the tree ring chronologies (dots) incorporated into each of the annual
water year discharge reconstructions. Stars indicate the locations of the gauging stations.
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pared the estimated time series of combined discharge for
all rivers derived from a single dendrohydrological model
(Table 2 and Figure 5) with an estimated time series of total
discharge derived by summing the annual discharge esti-
mates from the six individual models used to estimate
discharge for each river. We found that these two recon-
structions of total annual discharge were extremely similar
and highly correlated (r = 0.78, p � 0.01).
[14] There is no evidence from the dendrohydrological

reconstructions that discharges during the late 20th century
are beyond the bounds of natural variability (Figure 5).
Although some high-discharge years in the 20th century
exceed the 95% confidence limits (�1.96 s) of overall
discharge variability from AD 1800 to 1990, similar mag-
nitude events are apparent for the 19th century in all records
(Figure 5). The reconstructed means for annual discharge
over the period AD 1800–1990 are closely similar to the
observed means from the recent period AD 1938–1990
(Table 3). Total discharge for the individual rivers and the
combined river discharge show no statistically significant
trend over the period AD 1800–1990.

[15] Wavelet analysis shows a peak in significant (p �
0.10 tested against red noise) variability in the multidecadal
band between �30 and 60 years for the S. Dvina and
Pechora, and in the �60–100-year band for the Lena and
Kolyma rivers (Figure 6). The strength of multidecadal
variability appears to weaken progressively inland toward
the continental interior. However, it should be cautioned
that the records are short relative to these low-frequency

Figure 5. Dendrohydrologically estimated annual water year discharges for the major Eurasian rivers
and total combined discharge for the period AD 1800–1990. Horizontal lines are the 0.25, 0.5, and 0.75
quartiles.

Table 3. Correlations Between Dendrohydrological Estimates of

Annual Discharge of the Major Northern Eurasian Rivers Over the

Common Period AD 1938–1990a

S. Dvina Pechora Ob’ Yenisey Lena

Pechora 0.390
Ob’ �0.395 0.019
Yenisey �0.316 �0.025 0.501
Lena 0.194 0.594 0.104 0.264
Kolyma 0.090 �0.262 �0.272 �0.173 �0.494

aBold values significant at p � 0.05. The significance values have been
calculated to account for the loss of degrees of freedom due to
autocorrelation in the time series [Dawdy and Matalas, 1964].
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variations, and the lower frequencies fall within the cone
of influence of zero padding of the series which can
reduce the influence of the signal.

4. Discussion

[16] The correlation analysis highlights the spatial linkages
between PDSI and variations in total annual discharge for
the major Eurasian rivers over the period AD 1938–1990.
These results are consistent with previous analyses that have
identified hydroclimatic processes related to moisture trans-
port and evaporation as being key drivers of in recent
Eurasian river discharge variability [Yang et al., 2002,
2004; Peterson et al., 2002; Ye et al., 2003, 2004; Dai et
al., 2004; McClelland et al., 2004]. The analysis also
provides some additional evidence of the spatial patterning
of the previously described east-west dipole in annual
aridity in central Siberia [Fukutomi et al., 2004]. Most
importantly for the present study, as tree ring records are
typically sensitive to variations in PDSI, the results of the
PDSI-discharge spatial analysis support the applicability of
a dendrohydrological network approach to reconstructing
discharge.
[17] Assuming that the relationships linking variations in

climate to tree growth and to discharge operative over the
period AD 1939–1990 have remained generally consistent

since AD 1800, the dendrohydrolocal estimates of past flow
for the period AD 1800–1990 suggest that the increased
annual discharges of the mid to late 20th century [Peterson
et al., 2002; McClelland et al., 2004] are not significantly
greater than discharges experienced at other times of higher
flow over the preceding 200 years, and are thus still within
the range of long-term natural variability. However, the
present analysis ends in AD 1990 and therefore does not

Figure 6. Wavelet power spectrums and global wavelets [Torrence and Compo, 1998] for
dendrohydrologically estimated discharges for the major northern Eurasian rivers and their total
combined discharge for the common period AD 1800–1990. Contour levels are chosen so that 75%,
50%, 25%, and 5% of the wavelet power is above each level. Cone of influence is indicated by the cross-
hatched region. The 10% significance level is indicated by black outlining on the power spectrums and a
dashed line on the global wavelets.

Table 4. Correlations Between Potential Climatic Forcing Factors

and Dendrohydrological Estimates of Annual Discharge of the

Major Northern Eurasian Rivers Over the Common Period AD

1800–1975a

Siberia T AO NAO

Total �0.580 �0.321 0.086
S. Dvina �0.017 �0.195 �0.109
Pechora �0.104 �0.342 �0.004
Ob’ �0.263 �0.089 0.103
Yenisey �0.180 �0.091 0.094
Lena �0.355 �0.339 0.046
Kolyma 0.088 0.096 �0.011

aBold values significant at p � 0.05. The significance values have been
adjusted to account for the loss of degrees of freedom due to autocorrelation
in the time series [Dawdy and Matalas, 1964].
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address some very recent changes, e.g., increases in low-flow
discharge that began in the late 1980s [Smith et al., 2007].
[18] There is considerable evidence in support of in-

creased surface air temperatures (SAT’s) in Siberia, the
Arctic and the Northern Hemisphere during the 20th century
relative to the past 150 to 1000 years [Briffa et al., 1995;
Overpeck et al., 1997; Mann et al., 1999; Jones and
Moberg, 2003; Moberg et al., 2005; Osborn and Briffa,
2006; D’Arrigo et al., 2006]. There is also evidence of
generally increasing Arctic precipitation over the 20th
century [Kattsov and Walsh, 2000], often showing good
correlations with discharge trends [Pavelsky and Smith,
2006]. Given the highly variable nature of the hydroclima-
tology and annual discharges of these river systems it may
be that the magnitudes of any sustained unidirectional
changes in moisture balance over the 20th century was
not yet sufficient by AD 1990 to produce a long-term trend
which is apparent as sustained unprecedented increases in
annual discharge. Although there appears to be a strong
positive relationship between variations in total discharge
from the northern Eurasian rivers and global temperature
and the NAO over the past several decades [Peterson et al.,
2002], our longer-term discharge records do not indicate a
consistent positive significant correlation (Table 4) between
discharge, Siberian temperature, the NAO or the AO
(Figure 7). Indeed, due largely to the influence of the
long-term increases in Siberian temperatures and strength
of the summer AO, there are weak negative correlations
between discharge on some rivers and these indices over the
long common period (AD 1800–1975). These results
suggest that some subtle combination of precipitation,
evaporation and/or ground thaw and flow conditions may
be more important drivers of recently observed discharge
variability [Smith et al., 2007]. Finally, it must be cautioned
that dendrohydrologic analyses provide reconstructions of
variations in climatic conditions that result in changes in
river discharge; they might not, for example, capture
changes in discharge due to factors such as increased water
input due to unprecedented permafrost thaw or fire induced
vegetation changes.
[19] The multidecadal variability in the 30–60-year band

apparent in the S. Dvina and Pechora records in the far west

and the 60–100-year band in and the Lena and Kolyma
record to the east may reflect the influence of similar
variability detected in North Atlantic and North Pacific
SST’s and associated climatic indices [Minobe, 1999,
2000; D’Arrigo et al., 2003; MacDonald and Case, 2005;
Polyakov et al., 2005]. Atlantic conditions would be most
pervasive for the western basins (S. Dvina and Pechora),
while analysis by Dettinger and Diaz [2000] indicates that
streamflow in the far eastern region is positively correlated
with North Pacific SST’s. In addition, such long-term
variability seems to be a common feature of the northern
hemisphere climate system in general [Mann et al., 1995].
Although the genesis of such variability remains poorly
understood, it is not surprising to find evidence of low-
frequency variation in Eurasian hydroclimatic records. The
presence of such natural long-term modes of variability
provides further challenges to discerning the influence of
recent global warming on northern river discharge.

[20] Acknowledgments. Funding for this research was provided by
the NSF Arctic System Science program (ARCSS) Freshwater initiative
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provided by two anonymous reviewers.
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