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ABSTRACT

This study investigated water balance components in the three major river basins of Siberia (the Lena, Yenisey,
and Ob) based on the National Centers for Environmental Prediction (NCEP)—Department of Energy (DOE)
Atmospheric Model Intercomparison Project 11 (AMIP-11) reanalysis. The primary focus is the nature of the
interannual signatures of summer precipitation, moisture convergence, and runoff in individual basins, and their
linkage to the large-scale water transport and circulation fields over northern Eurasia from 1979 to 1995. The
temporal characteristics of the hydrological cycle and the associated |arge-scal e circul ation structure are discussed.

Some interesting features are found in the interannual variability of basin-scale hydrometeorological elements.
In the Lena and Ob basins, the temporal signatures of both precipitation and moisture convergence indicate a
cycle of approximately 6 to 8 yr. The mid- and late-summer runoff variation is significantly correlated with
these two elements. Moreover, the time series of each element for the Lena is aimost exactly out of phase with
that for the Ob. The basin-averaged precipitation time series show that the relatively wet phases for the Lena
occurred in the early and late 1980s, during relatively dry phases for the Ob. Similarly, the dry phases for the
Lena and wet phases for the Ob occurred in the mid-1980s and early 1990s.

The structures of the large-scale moisture transport and circulation anomalies responsible for the precipitation
variability for each basin are examined using regression analysis. The space-time fields of precipitation, moisture
flux, and geopotential height anomalies are related to the basin-averaged precipitation index. Out-of -phase patterns
of precipitation and circulation anomalies between eastern and western Siberia are evident in the regression
maps. When the Lena basin is unusually wet, an anomalous cyclonic circulation accompanied by high positive
precipitation anomalies is established over the basin, while an anomalous anticyclonic circulation with negative
precipitation anomalies is produced over the Ob; the reverse situation is equally evident at other times. Thus,
an east-west dipole structure of circulation and precipitation anomalies is formed over northern Eurasia. The
“‘seesawlike’’ interchange of dry and wet regimes associated with this dipole pattern occurs between eastern
and western Siberia on a timescale of about 6 to 8 yr. Regression patterns of geopotential height anomalies
show good agreement with their summer leading mode derived from a rotated empirical orthogonal function
analysis. These results imply that a large-scale mode of atmospheric teleconnective variability modulates the
summer hydrological cycle in the northern Eurasian domain.

continental region is one of the important objectives of
the Global Energy and Water Cycle Experiment (GEW-
EX) Asian Monsoon Experiment (GAME)-Siberia pro-
ject, which was designed to quantify the interactive pro-

cesses between the atmosphere and land surface, and
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their relation to patterns of climatic variation. In par-
ticular, a study of the nature of the large-scale water
balance over northern Eurasia on interannual timescales
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is needed to facilitate understanding of physical linkages
with not only regional climatic conditions, but also with
various climate subsystems.

During the past two decades, there has been consid-
erable interest in the hydrological cyclein high-latitude
land areas. The primary reason is that the water balance
in these high-latitude areas is thought to drive the Arctic
climate, as reviewed by Walsh (2000). For instance in
the Mackenzie River basin, which is a portion of the
Arctic drainage area in North America, considerable
progress has been made in identifying the connection
between the response of runoff to basin-wide precipi-
tation and Arctic climatic variation (e.g., Manak and
Mysak 1989; Mysak et al. 1990; Bjornsson et al. 1995).
In addition, the atmospheric transport of water vapor
into the Arctic basin through this area has been de-
scribed in several studies (e.g., Walsh et al. 1994; Smir-
nov and Moore 1999, 2001).

Northern Eurasian hydrology is also considered an
important factor controlling the Arctic climate (e.g.,
Peng and Mysak 1993; Bowling et al. 2000; Serreze et
al. 20014, 2002) and that of the neighboring Asian mon-
soon area (e.g., Yasunari et al. 1991; Kripalani and Kul-
karni 1999). The water from major Eurasian rivers is
recognized as an effective source of freshwater flowing
into the Arctic Ocean, [see reviews by Bowling et al.
(2000) and Carmack (2000)]. Atmospheric moisture
transport in high-latitude regions can contribute to the
hydrological cycle in the Arctic domain, as discussed
in many previous studies (e.g., Cullather et al. 2000;
Rogers et al. 2001), because the changes in the char-
acteristics of moisture sources and sinks over the con-
tinent may be in response to the moisture input to the
Arctic region, and may also play a direct role in the
Arctic climate through surface water and energy bal-
ances. Several studies have pointed to the significance
of the interannual variability of precipitation in the
northern Eurasian domain (e.g., Wang and Cho 1997;
Ye 2001).

Limited efforts have been made to describe the char-
acteristics of the hydrological cycle and their linkage to
large-scale circulation over northern Eurasia, especially
in the summer season, when the hydrological cycle is
at its most active. Although Ye (2001) identified the
various timescales of precipitation variation in this re-
gion, he focused only on the winter season. Asdescribed
below, summer precipitation accounts for about 40% of
the annual precipitation over each river basin. In ad-
dition, major Eurasian rivers, such asthe Lena, Yenisey,
and Ob, are recognized as large contributors to fresh-
water input into the Arctic Ocean (Serreze et al. 2001a,
2002). Summer precipitation and its variability over this
continent can be considered an important input to the
Arctic freshwater budget.

Peng and Mysak (1993) investigated controls on the
long-term variability of the regional summer water bal-
ance over the Eurasian basin, and found evidence that
summer runoff over western Siberiais strongly affected
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by precipitation during the preceding winter, which in
turn is affected by sea surface temperaturesin the North
Atlantic and associated teleconnections at interannual
timecales. A more recent investigation by Rogers et al.
(2001) addressed the importance of water transport into
the Arctic region over western Siberia and related at-
mospheric patterns during summer. In addition, the ef-
fort by Serreze et a. (2002) clarified various aspects of
the land—atmosphere hydroclimatology in Siberiafor all
seasons. However, few studies have examined and dis-
cussed specific relationships between the basin-scale
water balance, including both western and eastern Si-
beria, and larger-scal e circul ationsfor summer. Moisture
transport and precipitation during the warm season con-
stitute an integral part of the Eurasian hydrological cy-
cle.

This paper examines the space—time characteristicsof
the atmospheric hydrological cycle over the northern
Eurasian basin during summer (June through August:
JJA) employing the National Centersfor Environmental
Prediction (NCEP)-Department of Energy (DOE) At-
mospheric Model Intercomparison Project [I (AMIP-11)
reanalysis dataset (Kanamitsu et al. 2002). The basin-
scale water balance is estimated using a simple budget
equation involving precipitation and runoff data. The
results are used to discuss the accuracy of water balance
estimation using reanalysis products, and to identify cli-
mate signals that affect the summer hydrological cycle
over Eurasia. We attempt to detect the dominant tem-
poral signals in the water balance components for each
of the Lena, Yenisey, and Ob basins, and discuss the
coherent atmospheric systems that regulate the basin-
scale variation patterns.

The structure of this paper is as follows. Section 2
describes the datasets and the computational procedures
used in this study. In section 3, we document the basic
features of the annual cycle of water balance compo-
nents. Seasonal mean and interannual variance of sum-
mer precipitation are given. Section 4 presents the dom-
inant temporal signalsin the water balance elementsfor
the basins, and the atmospheric sources of those signals,
by examining their spatial structure and that of large-
scale circulation anomalies occurring simultaneously.
Section 5 presents a discussion of the results, and our
main conclusions are addressed in section 6.

2. Data and methods

Three observational datasets are used to characterize
the water budgets for the individual river basinsin this
study. Oneisthe NCEP-DOE AMIP-1I reanalysis (here-
after referred to as R2) dataset for 1979-99, which has
recently been released by NCEPR. This data is itemized
at 6-h intervals, at T62 horizontal resolution, and 28
sigma levels in the vertical. The horizontal wind and
specific humidity from this archive have been used in
water budget calculations. Kanamitsu et al. (2002) brief-
ly surveyed this dataset. As they described, the R2 da-
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taset resulted from an attempt to improve the quality of
the atmospheric and surface components; it is recog-
nized that the former NCEP—National Center for At-
mospheric Research (NCAR) reanalysis data (referred
to here as R1) contained some errorsin atmospheric and
surface physical quantities (Kalnay et al. 1996; Kistler
et a. 2001). The R2 dataset is believed to estimate the
water-related el ements more accurately, not only in trop-
ical regions, but aso in mid- and high latitudes. Re-
cently, Maurer et al. (2001) derived and compared land
surface water budgets for the Mississippi River basin
using both the R1 and R2 datasets.

Global precipitation data from surface gauging and
satellite-based estimation was presented by Xie and Ar-
kin (1996, 1997); this dataset, called the Climate Pre-
diction Center (CPC) Merged Analysis of Precipitation
(CMAP), has also been used to calculate the atmo-
sphere-land water balance and describe the spatial and
temporal characteristics of climate signals. This dataset
may have advantages for evaluating these components
of the continental-scale hydrological cycle. Trenberth
(1999) used the CMAP data to estimate precipitation
recycling ratio over land on a global scale. Using the
combined CMAP and R1 data, a grid-scale atmosphere—
land water balance was calculated that suggests that
these gauge—satellite merged precipitation data are al'so
applicable to assessments of basin-scale hydrological
cycles over an entire continent. The CMAP data has
2.5° X 2.5° resolution on a monthly timescale.

The Bodo-enhanced Russian river flow data were ob-
tained from the NCAR Data Support Section (DSS).
This dataset includes data from more than 2400 gauges
covering rivers in Russia and the former Soviet Union
(FSU) for about 180 yr. We use only the record of dis-
charge and the drainage area information for gauges at
the mouths of individua rivers.

In addition to aforementioned datasets, another
monthly gridded precipitation dataset for 54 yr from
1948 to 2001 is taken from NCEP-CPC to examine the
long-term tendencies of basin-scale precipitation vari-
ability. This new product is called PREC/L, which is
the precipitation reconstruction over land (Chen et al.
2002). The basic format of this data is almost the same
as CMAP data, but is only available over the land area.
The NCEP-NCAR monthly reanalysis product is also
used for the purpose of additional analysis.

Actual water budget calculations and data analyses
were performed for the 17-yr period from January 1979
through December 1995; later runoff data were not avail-
able. The available period for runoff data differs for dif-
ferent river basins. The atmospheric water budget equa-
tion (e.g., Peixoto and Oort 1992), can be written as

oW
<E>+W4®:E—P% M
where P is precipitation, E is evaporation, and angled
brackets denote the area average. Here, the precipitable
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Fic. 1. Three major river basins and the gauge stations measuring
the discharge at the river mouths in northern Eurasia.

water content (W), vertically integrated moisture flux
vector (Q), and its divergence (V-Q) are defined by

p [*
W= = do 2
gfoq @
Q=%:er ®)

1
<V-Q>=—Rng-ndl, (4

where q is the specific humidity, v isthe horizontal wind
vector, p, is surface pressure, g is gravitational accel-
eration, and o is the vertical sigma coordinate (o = p/
p.; p ispressure). Vertical integration is performed from
the top of the atmosphere (o = 0) to ground level (o
= 1). The moisture flux divergence that is the second
term in the left-hand side of (1) is computed using the
Gauss divergence theorem. The value | represents the
boundary of area A, and n is the unit vector outward
normal to A.

The atmospheric water balance was evaluated at both
basin and grid scales. The moisture flux divergence at
grid scale was computed by applying the spherical har-
monic transform method (Adams and Swarztrauber
1999). Evaporation at the land surface was estimated as
the residual from the earlier budget equation. Before
calculating the moisture flux and other associated ele-
ments, a mass correction of horizontal wind fields to
eliminate dry airmass imbalances was made, using the
method of Trenberth (1991).

The outlines of the three major river basins for which
the moisture budget components were computed are
shown in Fig. 1. Thelocations of the gauge sites nearest
to the river mouths are also shown. The boundaries of
the basins were defined using the gridpoint locations of
reanalysis data (2.5° interval), similar to the basin def-
initions of Oki et al. (1995). Oki et al. (1999) recently
produced the Total River Integrated Pathway (TRIP),
digitized 1° and 0.5° streamflow basin definitions on a
global basis. For this analysis, the perimeters of basins
were determined with reference to the TRIP 1° version.
The information on the climatol ogical water balance for
each basin using these datasets is given in the appendix.
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3. Climatological features
a. Annual cycle

Area-averaged water budget estimates were made for
three basins, the Lena, Yenisey, and Ob, over a 17-yr
period, and the characteristics of the mean annual cycle
of their water budget terms are presented before focus-
ing on the summer hydrological cycle. Figure 2 shows
the monthly climatological components for each basin;
temporal variation is similar to the results presented in
the NCEP-NCAR reanalysis (Serreze et al. 2001a,
2002).

The precipitation maximum occurs in July and the
minimum in the period from February through March.
It isinteresting to note that two maximaand two minima
of the moisture flux convergence are evident for the
Lena and Yenisey. A significant decrease, retaining a
low positive value, is evident during the summer. On
the other hand, the moisture convergence becomes neg-
ative, indicating divergence over the Ob during the sum-
mer (June-August); this basin is a moisture-source re-
gion during that period. Despite the decrease in moisture
convergence, evaporation increases and reaches a max-
imum in summer over each basin, as does precipitation,
emphasizing the importance of surface evaporation rel-
ative to the regional water input from precipitation dur-
ing the summer. Particularly over the Ob, evaporation
greatly exceeds the peak value of precipitation during
the warm season. These features are similar to theresults
of Serreze et a. (2002). They discussed different char-
acteristics between basins in the annual cycle of each
component, and concluded that larger evaporation and
negative P — E for the Ob during summer was due to
the specific land cover characteristics and lower atmo-
spheric thermal conditions.

Runoff remains less than 10 mm month—* at each
location during the winter and spring; however, it
abruptly increasesin May and peaksin June, one month
earlier than the precipitation maximum in July. This
runoff maximum is definitely due to surface discharge
of water caused by snowmelt. For the Ob basin, the
runoff peak is smaller than those for the other two ba-
sins, and the runoff curve indicates smoother temporal
changes than in the other two river basins. Serreze et
al. (2002) explained this smoother runoff peak by less
availability of snow meltwater for runoff, which is
caused by the larger evaporation from spring to summer.

The time series of P — E was examined in the same
manner (Fig. 2). On amonthly basis, P — E hasavalue
very close to the moisture convergence, but it isadjusted
by the W tendency in the budget equation. In addition,
the negative values of E derived during the cold season
may be caused by underestimating snowfall and rainfall
at the rain gauge sites (Serreze et al. 2001a).

b. Climatological fields for summer

The 17-yr climatological fields for the summer (JJA
1979-95), mean precipitation, moisture flux, and its
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Fic. 2. Annual cycle of precipitation, moisture flux convergence,
runoff, and evaporation (estimated as a residual) over the (a) Lena,
(b) Yenisey, and (c) Ob River basins (mm month-1). All components
except for runoff are 17-yr averages. Runoff records for the Lena
and Ob (Yenisey) are available for 16 (17) yr from 1979-94 (1995).
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convergence, are shown in Fig. 3a. One of the dominant
features is a prominent mid- and high-latitude precipi-
tation band over a broad part of Eurasia A zonally
oriented band of precipitation exceeding 2 mm day —*
extending from the east of Lake Baikal to the Far East
Asian coast is clearly seen. This band lies along 45°—
60°N, which corresponds closely to the area of maxi-
mum frontal activity during summer (e.g., Chen et al.
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(a) Mean Precipitation(mm day-') Moisture flux, and Moisture flux
convergence(mm day'), JJA 1979-1995
—_
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Fic. 3. (a) Average JJA precipitation, moisture flux, and its con-
vergence (1979-95). Precipitation values over 1 mm day ~* are shad-
ed. Contour intervals of moisture flux convergence are 0.5 mm day —*.
Negative values (for moisture flux divergence) are drawn with dashed
contours. (b) Variance in JJA precipitation (1979-95). Contour in-
tervals are 0.1 mm? day 2 (0.1-0.5) and 1 mm? day 2 (0.6-2).

1991; Serreze et a. 2001b). This precipitation pattern
may be a primary source of water, particularly for the
Lena basin during summer. Another band of precipi-
tation extends from northeastern Europe to western Si-
beria; this constitutes a major water input to the Ob
basin. Along these precipitation bands, eastward-di-
rected water transport is prominent, and the moisture
convergence maxima almost coincide with the precip-
itation maxima.

The distribution of interannual variance of JJA pre-
cipitation is illustrated in Fig. 3b. Two dominant vari-
ance maxima with more than 0.2 mm~-2 day 2 are lo-
cated over northwestern and eastern Eurasia. One ap-
proximately corresponds to the upper Lena basin, and
the other covers the Ob basin and the Ural Mountains.
The locations of these high-variance centers coincide
with those of the mean precipitation maxima shown in
Fig. 3a. Also note that the mean and variance of pre-
cipitation over the Yenisey basin are both weaker than
those over the other two basins. No center of variability
for precipitation appears to be dominant over this basin.
Substantial interannual variability in the activity of pre-
cipitation systemsis concentrated in western and eastern
Siberia.

4. Interannual variability

a. Interannual signals in hydrometeorological
components

This section examines the evidence for a dominant
timescale of interannual variability. Figure 4 shows a
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Lena river basin (Annual & JJA)
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FiG. 4. The time series of annua precipitation (mm), JJA accu-
mulated precipitation (mm), and its ratio to annual precipitation (%)
for the Lena River basin.

series of annual precipitation, summer (JJA)-accumu-
lated precipitation, and its ratio to the annual value for
the LenaRiver basin. The annual precipitation isdefined
as the total amount over the hydrological year from
October through September. The ratio for individual
years exceeds 40%, emphasi zing the importance of sum-
mer precipitation. On the other hand, the ratio for the
Ob (not shown) is a slightly smaller value, although it
still exceeds 30% of the annual precipitation throughout
the period of analysis. The percentage for the Yenisey
(not shown) is 40%. Another notable feature is the sim-
ilarity between the long-term changes in JJA precipi-
tation and those of annual precipitation. Temporal-phase
characteristics of both time series agree quite well. This
suggests that the interannual variation of JJA precipi-
tation contributes significantly to that of the annual pre-
cipitation. We note that the JJA precipitation time series
appears to have 6-8-yr cycles during our analysis pe-
riod.

The simultaneous correl ation coefficients between the
annual and JJA precipitation amounts for individual ba-
sins are presented in Table 1. The correlation coefficient
for the Lena is 0.95, which considerably exceeds the
95% confidence level (0.45) based on the standard t test.
This emphasizes the considerable effect of interannual
variation in summer precipitation on that of annual pre-
cipitation for this basin. For the Yenisey, the correlation
coefficient (0.81) is also significant. The value of 0.54
for the Ob is smaller, but still significant.

Figure 5 illustrates interannual variation in the sum-
mer hydrometeorological conditions, mean precipita-

TABLE 1. Simultaneous correlation coefficients of summer (JJA)
precipitation with annual (Oct—Sep) precipitation in each river basin
for 1979-95 (4). The correlation values are above the 95% signifi-
cance level.

Annual precipitation vs JJA precipitation

River basin Correlation coef
Lena 0.95
Yenisey 0.81
Ob 0.54
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Fic. 5. (a) The time series of JJA averaged precipitation, moisture
convergence, evaporation, and JAS averaged runoff for the Lena
River basin (mm month-1). (b) Asin (a) except for the Yenisey basin.
(c) Asin (a) except for the Ob basin.

tion, moisture convergence, evaporation asaresidual of
water balance components, and runoff for each basin.
The time series show well-defined interannual timescale
signatures. Note that the runoff time series are defined
over mid- and late summer from July through September
(JAS) in order to reduce the effect of snow meltwater
response to runoff.

Thereis close agreement in the variation among these
components, particularly over the Lena (Fig. 5a) and
Ob (Fig. 5¢). As described above, the time series of the
three components has a similar temporal signature. The
cross-correlation coefficient between JJA precipitation
and JAS runoff is 0.89 for the Lena, and 0.68 for the
Ob, as summarized in Table 2. These values are statis-
tically significant at the 95% confidence level.
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TABLE 2. Simultaneous correlation coefficients of summer (Jun—
Aug) precipitation with summer (Jul-Sep) runoff in each river basin
for 1979-95 (4). The correlation values above the 95% significance
level are in boldface.

JJA precipitation vs JAS runoff

JJA precipitation JAS runoff
Lena 0.89
Yenisey 0.32
Ob 0.68

Relatively dry and wet periods over each basin are
also strongly evident in these time series. In the Lena
basin (Fig. 5a), wet years clearly occurred during the
early 1980s (1980-83) and late 1980s (1988-89) from
the temporal changes of precipitation and moisture con-
vergence. On the other hand, dry periods occurred dur-
ing the middle 1980s (1984—87) and early 1990s (1990—
93). Extreme wet events occurred in the Lena basin in
1981 and 1988, and an extreme dry event in 1986. In-
terestingly, the precipitation time seriesfor the Ob basin
(Fig. 5b) appears to be negatively correlated with that
for the Lena basin, with a correlation coefficient of
—0.53, which is significant at the 95% confidence level.
Relatively dry phases occur in the early and late 1980s
in the Ob basin, and wet phases appear in the middle
1980s and early 1990s. Another notable feature in Fig.
5 isthe marked differencein thetemporal characteristics
of the time seriesfor the Yenisey from those of the other
two basins. The longer timescale signals seen in the
Lena and Ob are not dominant in this basin.

Finally, in this section, we note the temporal variation
in residual evaporation derived from observed variables
for the basins. Evaporation decreases during the wet
phase of precipitation (early and late 1980s) and in-
creases during the dry phase (mid-1980s) in the Lena
basin. However, in the Ob and Yenisey basins, such
temporal characteristics are not displayed.

b. Large-scale moisture transport and circulation
anomalies

This section examines the large-scale moisture trans-
port anomalies and atmospheric circulation patterns as-
sociated with the interannual signalsin precipitation, as
presented earlier. Of particular interest are the spatial
structure of moisture transport in the summer precipi-
tation regimes and the coherent pattern of hemispheric
circulation anomalies. As shown previously, the centers
of action of interannual precipitation variability are lo-
cated over the Lena and Ob basins. Therefore, we per-
formed correlation and regression analysis between the
precipitation in these basins and the large-scale atmo-
spheric fields.

Figure 6a shows the geographical distribution of re-
gressed precipitation and moisture flux anomalies of the
June through August seasons when there was a large
amount of precipitation over the Lena basin. This anal-
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Fic. 6. (@) The regression map of the precipitation (mm day 1)
and moisture flux (kg m~* s~*) over northern Eurasia on the precip-
itation index for the Lena River basin. Contour intervals are 0.1 mm
dayt. (b) Asin (a) except for the Ob index. Negative values are
indicated by dashed contours.

ysis proceeded as follows: A precipitation index was
defined as the JJA-averaged precipitation time series
(Fig. 5a) with the 17-yr mean subtracted. Linear re-
gression coefficients to estimate precipitation and mois-
ture flux values at each grid point from the precipitation
index were then evaluated. A value equal to +1.0 stan-
dard deviation of the precipitation index was input to
the regression equation to produce the gridpoint values.
A test of local statistical significance for the spatial cor-
relation coefficient was performed using the standard t
test. Only moisture flux vectors with 95% significance
were plotted. Positive anomaly patterns on this map
correspond to the times when the precipitation index
was positive. Therefore, this map represents relatively
wet conditions over the Lena basin.

The overall pattern of anomalies in Fig. 6a is char-
acterized by an east—west dipole structure. The positive
precipitation anomalies coupled with the cyclonic cir-
culation centered over the upper Lena River basin are
well defined. Anomalous eastward and northeastward
moisture transport along 45°-55°N appear to contribute
to an increased water vapor charge into this basin, and
reinforce the precipitation anomalies. On the other hand,
negative precipitation and strong anticyclonic moisture
flux anomalies entirely cover western Siberia, repre-
senting relatively dry conditions in the Ob River basin.
It should be noted that the regression pattern of moisture
flux convergence (not shown) is similar to that of pre-
cipitation. Convergent anomalies prevail over eastern
Siberia, while divergent anomalies extend over western
Siberia. This suggests that in this situation the Lena
basin plays the role of an anomalous moisture sink re-
gion, and the Ob a source.
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A regression map based on the precipitation index
for the Ob (Fig. 6b) was produced, and indicates con-
ditions of increased precipitation in this basin. Thismap
clearly shows a pattern almost completely out of phase
with that in Fig. 6a. Compared with Fig. 6a, anomalous
wet and dry regions are compl etely interchanged. Strong
positive precipitation anomalies accompanied by cy-
clonic circulating moisture flux anomalies that are zon-
ally elongated broadly cover western Siberia, and neg-
ative precipitation and anticyclonic moisture flux anom-
alies lie over eastern Siberia.

In order to establish the basic pattern of large-scale
circulation anomalies associated with basin-scale pre-
cipitation variability, a regression map between the pre-
cipitation index for the Lena and 500-hPa geopotential
height anomalies over the entire Northern Hemisphere
is given in Fig. 7a. This map was constructed in the
same manner as Fig. 6a. A clear wave train along 40°—
70°N extends from western Eurasia into the North Pa-
cific-Alaska. The spatial scale of these hemispheric
wavelike anomalies is at about zonal wavenumber 3 to
4. 1t is obvious that a significant pair of anomalous
cyclone and anticyclone patterns over Eurasia, part of
this Eurasian wave pattern, coincides with the east—west
dipolelike anomalies shown in Fig. 6a. Additionally, the
regression map of geopotential height anomalies based
on the Ob index (Fig. 7b) shows a phase signature nearly
opposite to the pattern in Fig. 7a, asin the case of Fig.
6b. A series of features found in Figs. 6 and 7 strongly
suggest that an east—west ‘‘ seesawlike’ replacement of
the relative dry and wet regimes occurs on an inter-
annual timescale over the northern Eurasian region.

It is interesting to note that Rogers et al. (2001) also
identified the summer wave pattern over northern Eur-
asiain association with the interannual variation of July
poleward moisture transport across 70°N. Comparing
our regressed patterns (Fig. 7) with their composite 500-
hPa height patterns, one can notice that there are some
differences. The most significant difference is the lo-
cation of Eurasian cyclonic—anticyclonic couplet. While
the centers of cyclonic and anticyclonic anomalies in
their Fig. 17 are positioned over the Arctic coastal re-
gion (70°-80°N), those in our maps lie over the inland
area (55°-65°N). The patternsin Fig. 7 rather resemble
the composite maps constructed based on P—E time se-
ries for the Lena River basin by Serreze et a. (2002).

Finally, we present results from a rotated EOF
(REOF) analysis using the covariance method per-
formed on the 17-yr 500-hPa geopotential height time
series. Its purpose was to establish whether the large-
scale anomalies shown by Fig. 7 are directly connected
to the atmospheric principal mode for summer on an
interannual timescale. Before undertaking the REOF
analysis, we carried out an EOF analysis and the first
six EOF modes were rotated by the varimax method to
obtain the REOF modes. The first REOF (REOF 1; Fig.
8a) pattern is characterized by a zonally extending wave
train over mid- and high-latitude Eurasia and the North
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FiG. 9. (8) Thetime series of area-averaged precipitation anomalies
for JJA 1948-2001. Thick solid (thin dashed) line indicates the series
for the Lena (Ob) basin. (b) The same as (a) except for the east (50°-
70°N, 95°-135°E) and west (50°~70°N, 55°-95°E) Siberian domain.
(c) The same as (a) except for the river runoff for JAS 1948-94. The
river gauge station for the Lena is located at Kusur.

Pacific that corresponds well with the pattern in Fig. 7,
in that it shows large-amplitude anomalies appearing
over the east Pacific, North America, and Atlantic re-
gions. This REOF 1 mode explains 15.7% of the total
variance. Here, note that this Eurasian wave pattern was
also determined as a second EOF mode derived before
the REOF analysis.
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02 LA T 1 1 1 T T LML

0.1 | B

0.0 A

o1 J -
.0.2 - -
.03 -
.04 -

Correlation

-0.6
07}k

‘08 L 1 ] | ol L Il el L al
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

Central year of moving window

é

Fic. 10. A 21-yr moving cross correlation between the Lena and
Ob precipitation index for JJA during 1948-2001. The dashed line
indicates the 95% significance level.
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The time series of the REOF 1 score (denoted as RPC
1) is shown in Fig. 8b, combined with the precipitation
index for each basin. Although biennial-like signals are
dominant during the early 1980s and early 1990s in
REOF 1, it also appears to contain longer-timescale
(more than 6-yr period) components. In fact, the RPC
1 time series is most highly correlated with the precip-
itation index for the Lena and Ob of all the RPC scores.
The significant positive correlation between RPC 1 and
the Lena index (0.52) is most important, as is the sig-
nificant negative correlation between RPC 1 and the Ob
index (—0.52). From the time series plots (Fig. 8b), the
nearly in-phase relationship between RPC 1 and the
Lena index, and the out-of-phase relationship for the
Ob, are evident.

c. Robustness of the seesawlike dry and wet regimes

The results presented in this paper suggest the exis-
tence of an east—west seesawlike alternation of summer
dry and wet regimes on the interannual timescale in the
Siberian domain. As aforementioned, it appears to have
a 6-8-yr cycle. However, our results have not com-
pletely determined the 6-8-yr quasi-periodical signals
in precipitation. Fundamental questions still remain. Is
the summer precipitation seesaw on this longer inter-
annual timescale a robust signal? Our main analysesin
the previous sections are limited for the period after
1979. Here, we further examined long-term changes of
basin-scal e precipitation and runoff for thisissue. There-
fore, the monthly precipitation record spanning the 54-
yr period (see section 2) was used for the additional
analysis that follows.

Figure 9 displays simple comparisons of summer pre-
cipitation (JJA 1948-2001) and runoff (JAS 1948-94)
index between the Lena and Ob area. In the basin-av-
eraged precipitation index (Fig. 9a), an out-of-phase re-
lationship with a nearly 6-8-yr cycle and associated
replacement of wet and dry regimes are evident from
the middle 1970s through 1980s. In contrast, this char-
acteristic is not found in the period from the middle
1950s through 1960s. Similar variation features are
identified also in the area-averaged precipitation series
for east and west Siberia (Fig. 9b). The Lena and Ob
runoff time series (Fig. 9c) appear to well reflect the
precipitation tendencies on interannual and decadal
timescal es. While these two tend to be out of phase with
each other, particularly for the 15-yr period from the
middle 1970s, they appear to keep nearly in-phase var-
iations from the middle 1950s through late 1960s. Ob-
viously, the 6-8-yr cycle signal after 1979 shown in the
previous section constitute a part of about 2.5 cycles of
this that last from the 1970s through the 1980s in Fig.
9. A changing relationship between the Lena and Ob
precipitation index can be statistically identified by the
21-yr moving cross correlation (Fig. 10). The negative
correlation well exceeds the 95% significance level after
the early 1970s, which supports the emergence of the
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during 54-yr period from 1948-2001 (648 months). The real part of wavelet coefficient is normalized by the std dev. The solid and dashed

contours indicate the 95% and 90% significance levels, respectively.

dominant out-of-phase relationship between them dur-
ing the last 25-30 yr. In contrast, these two precipitation
time series are actually incoherent with respect to each
other before this epoch. Both the in-phase and out-of-
phase relationship is not robust from the 1950s through
the 1960s.

To clarify the quasi periodicity of 6-8 yr in the pre-
cipitation variation for these two basins, wavelet anal-
ysisis applied based on the method developed by Torr-
ence and Compo (1998). Figure 11 displaysthereal part
of the Morlet wavelet coefficients for the entire 54-yr
record (648 months). Prior to this analysis, monthly
climatological annual cycle and linear trend are sub-
tracted from each precipitation index. The upper panel
(Fig. 11a) clearly shows the strong signal in the 6-8-yr
range of the Lena precipitation index, and this signal is
90% statistically significant from 1975 through 1998.
A corresponding signal is also seen in the Ob index
(Fig. 11b), which has a 90% significant area spanning
1971 through 1993. These two signals apparently ex-
hibit an out-of-phase pattern with each other after 1972.
Furthermore, we examined a wavelet spectrum of each
seasonal mean precipitation time series over the 54-yr
period (not shown). The seasons were simply defined
as JJA, SON (September—November), DJF (December—
February), and MAM (March—-May). As aresult, the 6—
8-yr signals were evident only in the wavelet spectrum
for the summer mean (JJA) precipitation indices. Sta-
tistical properties in the analysis results verify the ro-

bustness of the out-of-phase summer precipitation var-
iation between the Lena and Ob since the early 1970s.
Here, we can also notice that the Ob spectrum (Fig.
11b) includes a decadal signal during 1950-76 and a
4-5-yr signal during 1978-92; however, it is beyond
the scope of this paper to discuss these variabilities.
Finaly in this section, the summer atmospheric pat-
terns are examined to ensure the robustness of the Eur-
asian wave structure during the period when the pro-
nounced precipitation seesaw is observed. The last 30-
yr (1972-2001) record of the NCEP-NCAR reanalysis
and PREC/L-based precipitation index are used. Note
that each precipitation index was detrended. The re-
sulting regression maps of 500-hPa geopotential height
anomalies against the Lena and Ob precipitation index
are given in Fig. 12. The basic features, especially the
east—west dipole structures are strongly similar to those
in Fig. 7. This fact gives us reasonable confidence in
the presence of this type of atmospheric pattern asso-
ciated with the northern Eurasian precipitation seesaw.

5. Discussion

It is interesting to note that similar timescale fluc-
tuations in Eurasian hydrometeorological components
have been detected by several past studies. Semiletov
et al. (2000) and Savelieva and Semiletov (2001) con-
firmed the existence of 6-8-yr-period variations of an-
nual runoff, precipitation, and temperature in Siberian
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except for the Ob index.

river basins. One can also find a similar signal of Ob
runoff after 1970 in the results of Johnson et al. (1999),
which is based on the 3-yr smoothed monthly record
(in their Fig. 5). As shown in our Figs. 9, 10, and 11
and some previous results, the 6-8-yr variations with
out-of-phase signatures in summer precipitation and
runoff are likely to have been initiated in the early
1970s. Savelieva et a. (2000) pointed out that the de-
cadal climate regime shift over northern Eurasiaand the
North Pacific in the 1970s had significant influences on
the hydrological variations for Siberia. This wintertime
climate shift with a pan-Pacific scale has been reported
by many previous studies as noted by Minobe (2000).
Besides, the impact of this on the summer monsoon—
ENSO relationship is proposed by Chang et al. (2001)
and Kinter et al. (2002). However, the direct link be-
tween this regime shift and the appearance of the 6-8-
yr signals (Fig. 9) is dtill unclear.

As described at the beginning of this paper, the factor
to regulate the northern Eurasian dry and wet regimes
is a primary concern. It is natural to ask what factors
excite the Eurasian wave pattern that alternates the sum-
mer precipitation and associated hydrological cycles? A
relation with the large-scale mode of atmospheric var-
iationsis an unresolved issue. Park and Schubert (1997)
discussed the causes for summer Eurasian stationary
waves in terms of orographic forcing and remote re-
sponse to the monsoon. They also noted the possible
roles of atmospheric conditions in the preceding season

on generating the midlatitude wave anomalies. Yasunari
et al. (1991) give an insight into the effect of the at-
mosphere—and interactions and land memory in the pre-
ceding seasons on the summertime mid- and high-lati-
tude circulations over Eurasia. However, the generation
of the 6-8-yr cycles observed in northern Eurasia itself
could not be explained by only these factors. We need
to examine the land-memory effect during the spring to
early-summer season on the summer atmospheric con-
ditions and hydrological cycle in current GCM results.
For example, outputs reproduced by AMIP-II models
can be useful to diagnose these factors.

Now, another possibility may be a close association
with the subdecadal atmospheric mode on a6-7-yr time-
scale obtained by Venegas and Mysak (2000). They iso-
lated this timescale mode by coupling seaice anomalies
in the North Atlantic—Arctic Ocean (Greenland and Ir-
minger Seas) to hemispheric sea level pressure anom-
alies. In their Fig. 8, there is an evident recurrent cycle
of sealevel pressure anomaliesthat forms ahemispheric
wavelike pattern. In addition, variation on a similar
timescal e has been noticed in global temperature (Mann
and Park 1994), Arctic sea ice anomalies (Arfeuille et
al. 2000), and the North Atlantic Oscillation (e.g., Hur-
rell and van Loon 1997; Pozo-V azquez et al. 2001; Cos-
ta and de Verdiere 2002). These earlier studies imply
that the atmosphere—ocean coupling system in the North
Atlantic domain may be an effective driving force for
the hemispheric atmospheric mode at thistimescale. The
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best way to understand this is an examination from the
viewpoint of the tel econnections between North Atlantic
sea surface conditions (sea surface temperatures and sea
ice extent) and subsequent Eurasian atmospheric con-
ditions (e.g., Palmer and Sun 1985; Peng and Mysak
1993; Peng et al. 1995; Ting and Peng 1995). However,
wewould note that representative teleconnectionindices
have no significant correlation with Siberian hydro-
meteorological components for summer (e.g., Rogers et
al. 2001; Serreze et a. 2002).

6. Conclusions

We investigated the characteristics of the summer wa-
ter balance components over northern Eurasia, and re-
vealed noticeable interannual signals. The variance in
the summer (JJA) precipitation suggests that two centers
of action for the hydrological cycle exist, one over east-
ern Siberia (including the Lena basin), and the other
over western Siberia (including the Ob basin). The JJA
precipitation correlates strongly with the mid- to late-
summer runoff (JAS) in these two basins. In addition,
their fluctuationsin precipitation, moisture convergence,
and runoff indicate the presence of 6-8-yr cycles. Dry
and wet regimes are associated with these signals. More-
over, basin-scale precipitation variability indicates that
the relatively wet and dry regimesin the Lenabasin are
essentially out of phase with those in the Ob basin.

We then examined the large-scale atmospheric mois-
ture transport and circulation fields associated with ba-
sin-scale precipitation variability. The regression anal-
ysis results based on the precipitation index for these
two basins (Lena and Ob Rivers) show contrasting fea-
tures. When the Lenabasin iswet, acyclonic circulation
(moisture flux) coupled with large positive precipitation
anomalies entirely coversthisbasin, while at thesetimes
anticyclonic circulation collocated with negative pre-
cipitation anomalies prevail over the Ob basin. The east—
west dipole structures of the circulation and precipita-
tion anomalies are clearly evident. A seesawlike re-
placement of the dry and wet regimes associated with
this dipole circulation structure occurs between eastern
and western Siberia at this timescale.

The Eurasian wave patterns that emerge, correlated
with the basin-scale precipitation variability, appear to
be closely linked to the interannual leading mode of
summer geopotential height anomalies over the North-
ern Hemisphere. The first REOF mode, which shows a
hemispheric wavelike pattern, closely resembles the re-
gression pattern of geopotential height anomaliesin the
precipitation index for each basin. This suggests that
large-scale circulation anomalies with a hemispheric te-
leconnective pattern may be one of the causes for mod-
ulating the regional moisture transport and atmospheric
water flow into these basins, and also the resulting pre-
cipitation and runoff. Thisis also strongly supported by
the significant cross correlation between the precipita-
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tion index and the leading principal component time
series.
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APPENDIX

Climatology of Annual Water Balance for Three
River Basins

Long-term annual means of water balance compo-
nents estimated from the NCEP-DOE AMIP-1I reanal-
ysis and CMAP data are provided for the purpose of
checking their accuracy. The main focus is whether the
climatological precipitation minus evaporation (P — E)
derived from reanalysis is close to runoff (R) or not in
each river basin. In general, the long-term mean of P
— E and R should be equal in a theoretical sense. The
values of these components are summarized in Table
A1l. The mean annual values are defined based on the
hydrological year from October 1979 through Septem-
ber 1994 for the Lena and Ob (15 yr), and from October
1979 through September 1995 for the Yenisey (16 yr).

Comparing P — E with R, these terms almost agree
with each other for the Lena and Yenisey. On the other
hand, the difference between these two components is
much larger for the Ob (50 mm yr-1*). One of the pos-

TaBLE Al. Climatological annual water budget for three river ba-
sins in Siberian domain (mmy-*). P — E is computed from R2, and
P is derived from CMAP; E is estimated as the residual from these
products.

Annua P, P — E, E, and R

P P—-E E R
Lena 350 190 160 197
Yenisey 410 231 179 241
Ob 430 110 320 164
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sible reasons for this large imbalance may be caused by
underestimation of moisture convergence for the Ob.

In addition, the area-averaged precipitation for each
basin computed from CMAP data is much smaller than
that obtained from the gauge-corrected precipitation by
Serreze et al. (2002). The major factor for thisis pre-
sumably caused by the snow undercatchments at rain
gauges during the cold season.
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