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[11 Using reanalysis data, we investigate the relationship of Amur River discharge and
vertically integrated atmospheric horizontal moisture flux. The discharge has two peaks,
one in May (spring) and the other in September (autumn). Comparison of the moisture
flux convergence to the discharge indicates that the spring peak is supplied by the flux
in previous seasons (September through April), whereas the autumn peak is supplied by
the summertime flux (May through August). A northward flux associated with storm
activities in the previous autumn and winter contributes to the spring discharge. The
autumn discharge is mainly supplied by a northward flux associated with the Asian
summer monsoon and by an eastward flux originating from evaporation in the far western
inland part of Eurasia. Interannual variation in the flux and discharge is also investigated.
The strong Asian summer monsoon associated with anomalous cyclonic circulation
over Eurasia strengthens the summer flux convergence at an interannual time scale,
resulting in anomalously large discharge in autumn. The strong Asian winter monsoon
wind with a dry air mass, associated with the anomalously strong Siberian high and
Aleutian low, activates evaporation. This results in anomalously large flux divergence in
autumn through winter and anomalously small discharge in spring. The anomalously large
spring discharge is related to the warm phase of the Arctic Oscillation. This suggests
that the rapid melting of snow and frozen soil contributes to the spring discharge. These
results indicate that the Asian monsoon plays an important role in the freshening of the

Okhotsk Sea, in which sea ice forms with extremely low salinity.

Citation: Tachibana, Y., K. Oshima, and M. Ogi (2008), Seasonal and interannual variations of Amur River discharge and their
relationships to large-scale atmospheric patterns and moisture fluxes, J. Geophys. Res., 113, D16102, doi:10.1029/2007JD009555.

1. Introduction

[2] The Amur River, with a basin area of 1.86 x 10° km?,
is the fourth largest river in northern Eurasia and supplies
much of the fresh water to the Okhotsk Sea, one of the
southernmost ice-covered seas in the Northern Hemisphere
(Figure 1). Freshwater discharge from the Amur River,
which causes large stratification that suppresses deep con-
vection and promotes freezing, is an important factor
controlling the formation of sea ice [e.g., Adkagawa, 1977].
This situation is quite similar to that of other large rivers
discharging into the Arctic Ocean [e.g., Alekseev et al.,
2000]. Sea ice formation in the Okhotsk Sea plays an
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important role in the formation of the North Pacific inter-
mediate water [e.g., Yasuda, 1997]. Greater knowledge of
the atmospheric conditions that determine Amur River
discharge is important for understanding the freshwater
budget in the Okhotsk Sea. Although many studies have
examined at the discharge of other rivers in northern Eurasia
in association with large-scale atmospheric circulations
[e.g., Fukutomi et al., 2003; Serreze et al., 2002; Su et
al., 2006], relatively few have focused on the Amur River.
Knowledge of the basic hydroclimatological characteristics
of the Amur River is also lacking. According to Ogi et al.
[2001], the climatological annual amount of discharge from
the Amur River is 333 km?/a (10,929 m?/s). A distinctive
characteristic of the annual cycle of the Amur River is its
two discharge peaks, one in June and the other in September.
The Amur River is the only river in northern Eurasia to have
double peaks (K. Masuda, personal communication, 2007).
Ogi et al. [2001] speculated that the first peak occurs
because of melting snowpack and frozen soil, whereas the
second peak is caused by summertime monsoon precipita-
tion. The snowpack likely accumulates from snowfall
during the previous autumn through winter.

[3] In addition, few papers have described the interannual
variability of the Amur River. Ogi and Tachibana [2006]
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Figure 1. Map of the Amur basin. The black lines drawn on the continent show the drainage boundaries

obtained from the TRIP river basin data set [Oki and Sud, 1998]. The asterisk indicates the location of the
Bogorodskoe observation station, the station at the lowest reaches of the Amur River among all runoff
observation stations in the basin. The gradation of green and brown shadings shows the altitude at 200-m
increments. The dark blue color with contours on the Okhotsk Sea indicates the sea ice concentration in
March 2001 from the Hadley Ice and Sea Surface Temperature (HadISST) data set. The contour interval

of the sea ice is from 10% to 100%.

found that the interannual variation in Amur discharge is
related to the annual mean Northern Hemisphere Annular
Mode/Arctic Oscillation (NAM/AO). The positive NAM/
AO is characterized by an anomalous low surface pressure
field in the Arctic and an anomalous high surface pressure
field in the midlatitudes [Thompson and Wallace, 1998]. In
years of positive NAM/AO, annual mean Amur discharge is
larger than normal. Because there are two peaks in the
discharge, the large-scale atmospheric patterns and local-
scale storm tracks governing the spring discharge peak must
differ from those governing the autumn peak. However, no
previous studies have clarified the large-scale atmospheric
patterns and local-scale storm tracks that determine individ-
ual discharge peaks. Basic knowledge of the hydrometeo-
rology of the Amur River remains insufficient.

[4] Past studies have commonly applied vertically inte-
grated atmospheric horizontal moisture flux analysis, using
reanalysis and river discharge data, to rivers flowing toward
the Arctic [e.g., Fukutomi et al., 2003; Serreze et al., 2002].
This method might indicate the origins of the moisture that
becomes river runoff. The moisture flux pattern in associ-
ation with river discharge also indicates the large-scale
atmospheric pattern governing discharge. For the long-term
mean, mass conservation law requires that the convergence
of the atmospheric moisture flux over a river basin equals
the amount of river runoff [e.g., Oki et al., 1995; Masuda et
al., 2001]. However, the convergence calculated using one
reanalysis data set often differs from that calculated using
another reanalysis data set because of different data assim-

ilation methods. The comparison of moisture flux conver-
gence with river runoff provides a diagnosis of a reanalysis
data set if true runoff is known [Masuda et al., 2001]. Inoue
and Matsumoto [2004] found that two reanalysis data sets
showed different sea level pressure (SLP) fields over north
Asia. Because this area is near the Amur basin, the diagnosis
of many reanalysis data sets over the Amur basin by com-
parison with river runoff can provide important information.

[5s] Hirschi et al. [2006] applied moisture flux conver-
gence analysis to approximately 30 large rivers, but only
briefly described the Amur River. Further, although they
speculated that Amur River discharge might be related to
the Asian monsoon, they did not provide any evidence.
Their speculation suggests that a source region of the
moisture is the Pacific. Another possible moisture source
is an inland area of the Eurasian continent. According to a
tagged water experiment using an atmospheric general
circulation model simulation by Numaguti [1999], the
summer precipitation in northern Eurasia partially originates
from water vapor that evaporates from inland areas of the
Eurasian continent. However, because of the lack of detailed
study of the moisture flux associated with the Amur River,
the moisture source remains unclear.

[6] Our analysis has two aims. One is to diagnose the
reanalysis data sets produced by the following organizations:
the European Centre for Medium-Range Weather Forecasts
(ECMWEF), the National Centers for Environmental Prediction
(NCEP), and the Japan Meteorological Agency (JMA). By
comparison with observed river discharge data, we will deter-
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mine which reanalysis data set is closest to the observed
discharge in this region. Our other aim is to determine which
atmospheric patterns govern the spring and autumn discharge
peaks. Using the most accurate reanalysis data set, we will
illustrate the origin of the moisture. Moreover, we will determine
the interannual variations in the atmospheric patterns that
influence the two discharge peaks. Our results will provide a
basic understanding of the effects of atmospheric forcing on
Amur River discharge, which influences the physical, chemical,
and biological environments of the Okhotsk Sea.

2. Data

[7] Monthly mean Amur River discharge data from 1980
through 2001 are used for the analysis. These data were
recorded at Bogorodskoe, the lowest-reach hydrological
station of the Amur River at which discharge has been
routinely measured by the Far Eastern branch of the Russian
Federal Service for Hydrometeorology and Environmental
Monitoring (FERFSHEM). According to FERFSHEM, river
discharge is measured at least twice per month. Current
speeds are measured from an observation ship at approxi-
mately 10 points across the river at two depths. The river
width along the baseline is approximately 2—3 km, depend-
ing on the water level. FERFSHEM also measures the water
level daily. When a large increase in water level occurs,
current speed is also measured. The lower stream of the
Amur basin is covered by huge bogs and swamps, with
numerous meandering branches of the river. Floods some-
times turn these bogs and swamps into large ponds. The
Bogorodskoe observatory is located in a small canyon in
which there are no river branches in any season and no
influence of ocean tides. In winter, current speed is mea-
sured at the observatory through holes cut through the
frozen river. These observation conditions suggest that the
accuracy of the observed discharge is quite high. We also
use monthly mean river water temperature measured at
Bogorodskoe from 1987 through 2001.

[8] Four sets of atmospheric reanalysis data are used:
ECMWEF 40-year reanalysis (ERA40) [Uppala et al., 2005],
ECMWF 15-year reanalysis (ERA15) [Gibson et al., 1997],
NCEP reanalysis 2 (NCEP2) [Kanamitsu et al., 2002], and
JMA 25-year reanalysis (JRA25) [Onogi et al., 2007]. The
time resolution of these data is 6 hourly, except for the
ERAI1S data, which have 12 hourly resolution. The hori-
zontal resolution of the former three reanalysis sets is 2.5° X
2.5° and that of JRA25 is 1.25° x 1.25°. The analysis
period is from 1979 through 2001, except for ERA1S,
which is from 1979 through 1993. Reanalysis data before
1979 were excluded because of possible shortcomings in
data obtained during the presatellite era.

[v] Moreover, we use precipitation and snow cover data
over the Amur basin as supplementary data to exhibit envi-
ronmental hydroclimatological features. The precipitation data
are from the recently opened data set Asian Precipitation-
Highly Resolved Observational Data Integration toward
Evaluation of the Water Resources (APHRODITE’s Water
Resources) [Xie et al., 2007] and have a spatial resolution of
0.5° x 0.5°. The snow cover data are NOAA/National
Environmental Satellite, Data, and Information Service
(NESDIS) and Climate Prediction Center (CPC) NH snow
cover data with 2° x 2° spatial resolution [Robinson et al.,
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1993]. The analysis periods for precipitation and snow cover are
1980—2000 and 1980—1999, respectively.

3. Methods

[10] We used horizontal moisture flux analysis to calcu-
late the net precipitation (precipitation minus evaporation;
hereafter P-E) in the Amur basin. We further separate the
moisture flux into two time scales: moisture flux transported
by atmospheric large-scale stationary waves, which are
related to planetary waves, and moisture flux transported
by short-time-scale transient eddies, which are mainly
related to storm tracks. The separation of these scales allows
the determination of what types of atmospheric pattern are
mainly associated with the discharge.

[11] Oki et al. [1995] provided detailed formulations for
calculating the connectivity of the horizontal moisture flux
with river discharges. Here, we briefly summarize these
formulations and add an explanation of the method for
dividing the stationary and transient components of the flux.
P-E is estimated using the atmospheric moisture budget
equation as follows:

8PiW:fV<qv>JrEfP, (1)
ot

where PW is precipitable water, ¢ is the specific humidity,
and v is the wind vector. The angled brackets indicate
vertical integration from the surface to the 300-hPa level.
Therefore, <gv> represents the vertical integral of horizontal
moisture flux. We defined the Amur basin region from the
Total Runoff Integrating Pathways (TRIP) river basin data
set [Oki and Sud, 1998]. On the basis of the TRIP data set,
P-E is estimated from the area-weighted average values of
PW and the horizontal convergence of <gv> over the area of
the Amur basin (Figure 1).

[12] Water vapor in the midlatitudes is transported by
both atmospheric stationary waves and moving transient
eddies. Because the temporal scales of these two transports
are quite different, dividing the moisture flux into these two
categories provides useful information on the atmospheric
causes of the discharge [Oshima and Yamazaki, 2004,
2006]. In accordance with the method formulated by Oshima
and Yamazaki [2004, 2006], we divide the monthly mean
total moisture flux into stationary flux and transient flux as
follows:

<ES=<GV>+<gV>, @)
where the overbars represent a time average calculated
using the monthly average, and the primes represent the
deviation from the monthly average. The stationary flux is
calculated from the monthly mean fields of wind, moisture,
and surface pressure. The transient flux is obtained by
subtracting the stationary flux from the total flux.

[13] Next, the connectivity of the horizontal moisture flux
and the river discharge is described. Using the terrestrial
water budget equation, the time rate of change in land water
storage, S, is written as

s

5 =P-E-R 3)
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Table 1. Comparison of the Climatological P-E Estimated by
ERA40, NCEP2, JRA25, and ERA15 Reanalysis Data and the
Observed Amur River Discharge Data®

ERA40 NCEP2 JRA25  ERAIS Amur
Annual P-E 182 178 116 (69) 190 (202)
Summer P-E 113 124 48 (57) 121 (128)
Winter P-E 69 54 68 (15) 69 (69)

*The unit is mm/a. The values in the “Amur” column are the amount of
discharge divided by the area of the Amur basin. The summer value for the
Amur column is the autumn discharge corresponding to the summer P-E,
and the winter value for the Amur column is the spring discharge
corresponding to the winter P-E. Figure 2 shows the months of each period.
The calculation period for the reanalysis data is 1979 through 2001, except
for ERAILS, which is from 1979 through 1993. The Amur values
correspond to climatological mean discharge. Brackets indicate the average
P-E and discharge between 1979 and 1993.

where R is the river runoff. The resulting output, R, is then
written as

oS OPW oS
R——E—V<qv>—7——a+

P—E. (4)
Equation (4) indicates that R is determined by 05/0¢ and P-
E. Because the term 0S/0¢ acts as resistance or capacitance,
the R response usually lags behind the P-E input. If we
calculate an average over a long time period (e.g., multiyear
mean), 0S8/0t in equation (3) is negligible. By averaging
over the river basin area, the river discharge is thus equal to
the estimated P-E. The comparison of the climatological
mean annual P-E to the climatological mean annual
discharge provides the degree of accuracy of the moisture
flux in the reanalysis data sets.

4. Comparison of Discharge to Net Precipitation
Estimated by Reanalysis Data

[14] Table 1 provides the climatological P-E estimated by
comparison of the four reanalysis data sets with observa-
tional discharge data (the discharge is divided by the area of
the Amur basin). The annual mean discharge of the Amur
River is 190 mm/a. The annual mean P-E from the ERA40
(182 mm/a) is closer to the observed annual discharge
compared to that from the other reanalysis data; however,
even the ERA40 data underestimate the annual mean P-E.
The ERA1S5 (69 mm/a) shows poor accuracy. The JAR25
(116 mm/a) is better than the ERA1S5, but worse than the
ERA40 and NCEP2 (178 mm/a). The seasonal means
values have the same tendency as the annual mean values.
The underestimation resulting from the JRA2S5 is caused by
the small values for humidity and wind convergence in the
lower troposphere in summer compared to the other reanal-
ysis data (H. Hatsushika, chief member of the JRA25
reanalysis project, personal communication, 2007). Masuda
et al. [2001] reported that the sign of the flux convergence
of the NCEP reanalysis 1 is negative (i.e., P-E is negative)
for some large rivers in other regions of the world, implying
no river runoff. Considering the poor results for other areas,
we can regard the overall accuracy of all of the reanalysis
data sets as good for the Amur region. In our study,
although P-E over the Amur River basin is underestimated
by the ERA1S5 and JRA2S, it is still positive. As described
further in section 7, the interannual variation estimated by
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P-E from the ERA40 data is closest to the observed
discharge. Therefore, we hereafter show the results calcu-
lated using the ERA40 data.

5. Annual Hydroclimatological Cycle

[15] Figure 2a shows the annual hydroclimatological
cycles of the Amur River. The river has two discharge peaks:
in May and September. A single peak in P-E occurs in July;
approximately 2 months later, another discharge peak occurs
in autumn, reflecting the influence of land surface processes, S;
these processes strongly depend on the season. The value of
0S/0t in Figure 2a is calculated from equation (3). It is notable
that the minimal discharge occurs in July, the month in which
water supply by P-E is maximal. Figure 2b shows other
climatological conditions over the Amur basin. The tempera-
ture at 2 m height changes from negative to positive in April
and back to negative in October. This indicates that precipita-
tion accumulates as snow from October to March and that the
accumulated snow and frozen soil start to melt in April.
Satellite observations indicate maximum snow coverage in
January, a large decline beginning in April, and accumulation
starting again in October. This suggests that snowmelt starts in
April and that the discharge peaks in May with the decrease in
storage. The seasonal cycle of river water temperature has an
annual cycle similar to that of temperature at 2 m. The river
water temperature becomes positive in May, indicating that
frozen river water begins to melt in this month. In summer, the
river water temperature is approximately 20°C. This implies
that warm river water is supplied to the cold Okhotsk Sea, of
which the sea surface temperature in summer is approximately
10°C [Ogi et al., 2001]. The river water temperature falls to
zero in November, and the river starts to freeze. Precipitation
estimated using APHRODITE data peaks in July at approxi-
mately 1400 mm/a and has a minimum in February. The
annual cycle of precipitation has a pattern quite similar to that
of P-E. Thus, the P-E peak in July is mainly related to the
precipitation in summer. P is also maximal in July and
minimal in January. The evaporation, which can be roughly
estimated by subtracting P-E from the precipitation, is approx-
imately more than half of the precipitation in most months.

[16] The blue and black lines in Figure 3 show the mean
annual climatological cycle of the moisture flux convergence
and the P-E averaged over the Amur basin, respectively. The
annual P-E cycle is similar to that of the moisture flux
convergence, except in spring and autumn. These differences
reflect the large changes in PW in spring and autumn (Figure 2b).
The red and green lines in Figure 3 show the annual
climatological cycle of the stationary and the transient
components of the horizontal moisture flux convergence,
respectively. In summer, moisture is mainly transported by
stationary waves, whereas in autumn and winter, moisture is
transported by both transient eddies and stationary waves.

6. Spring and Autumn Discharge and Their
Relationship to Net Precipitation
6.1. Periods of Spring and Autumn Discharge and
Associated Periods of Winter and Summer P-E

[17] The seasonal variation in discharge is not equal to
that in net precipitation (P-E) because of the large value of
0S/0t at this time scale. Also, S strongly depends on the
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Figure 2. (a) Climatology of the month-to-month variation in Amur River discharge (red line), net

precipitation (precipitation minus evaporation, P-E) calculated by the ERA40 over the Amur basin (blue
line), and the change in land water storage, 0S/0¢ (green line). The unit for these lines is mm/a. The
discharge is divided by the area of the Amur basin. Bar graphs show the climatology of month-to-month
variation in area-weighted average precipitation over the Amur basin estimated by APHRODITE data.
The unit is mm/a. Two arrows drawn along the horizontal axis indicate the periods defined as the spring
and autumn discharge periods. The two arrows with dashed lines at the top indicate the periods of P-E
that supplied the spring and autumn discharge. (b) Climatology of the month-to-month variation in
precipitable water over the Amur basin calculated by the ERA40 (red line), area-weighted average
temperature at 2 m height over the Amur basin calculated by the ERA40 (blue line), and river water
temperature at Bogorodskoe (green line). Bar graphs indicate snow coverage over the Amur basin
estimated by NOAA/NESDIS data. The units for temperature, precipitable water, and snow coverage are

°C, mm, and %, respectively.

season. From autumn through winter, precipitation accumu-
lates as snow, whereas in summer, the precipitation is
expected to discharge within a short time. The time lag of
the autumn discharge peak behind the P-E peak is related to
the fact that runoff takes approximately 2 months to reach
the outlet of the basin, given the massive size of the Amur
basin. We first confirm the months of P-E that cause the
respective climatological spring and autumn discharge.

[18] On the basis of the two clear discharge peaks shown
in Figure 2b, we define December through June as the
months of spring discharge and July through November as
the months of autumn discharge. The climatological spring
discharge is 121 mm/a and the autumn discharge is 69 mm/a.
We want to determine the periods of summer and winter P-E
that correspond to the spring and autumn discharge, respec-
tively. A pair of time-averaged P-E as a function of the
beginning and ending months is calculated to compare the
spring and autumn discharge. For example, one pair consists

of the average from May through August (denoted as PE1,)
and the average for the rest of the months, i.e., the average
from September through April (denoted as PE2;). Another
pair, for example, consists of the average from May through
September (PE1;, ;) and that for the rest of the months, i.e.,
the average from October through April (PE2,, ;). The
number of all probable pairs is mathematically equal to a
permutation, 1,P», i.e., 132. The time-averaged P-E in each
period changes with the chosen months (i = 132). The root
mean square error (RMSE), i.e., (PEl; — 121 mm/a)* +
(PE2; — 69 mm/a)” is calculated for all of the 132 pairs. We
then search for the pair with the smallest RMSE and reject
hydrologically unlikely sets. The pair identified using this
procedure is regarded as showing the periods of the spring
and autumn discharge.

[19] On the basis of this procedure, the time averaged P-E
from May through August corresponds to the autumn
discharge, and that from September through April corre-
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Figure 3. Climatology of month-to-month variation in the
horizontal convergence of the moisture flux and the P-E
over the Amur basin calculated by ERA40 data. The
stationary and transient components of the flux convergence
are also drawn. The stationary component is calculated by
the monthly mean atmospheric fields, and the transient
component is calculated by the total flux minus the stationary
component. The unit is mm/a.

sponds to the spring discharge. Hereafter, we refer to May
through August as the summer moisture flux or the summer
P-E, and September through April as the winter moisture
flux or the winter P-E. The defined periods and their
corresponding seasons of P-E are schematized using arrows
in Figure 2a. The autumn discharge lags behind the summer
P-E by approximately 2 months. In contrast, the period of
winter P-E that brings the spring discharge is longer than the
period that brings the autumn discharge. The amounts of
summer P-E and winter P-E closely agree with those of
spring and autumn discharge, respectively (Table 1).

6.2. Climatological Moisture Flux Patterns in Summer
and Winter

[20] As indicated in Figure 3, the main component of the
moisture flux related to the autumn discharge is different
from that related to the spring discharge. In the summer flux
period, the stationary component is dominant, whereas for
the winter flux period, the transient component plays a
principal role in supplying the water vapor in the Amur
basin. The stationary component in the winter flux period is
negative. These differences imply that different atmospheric
circulation patterns are related to the discharge in the
respective periods.

[21] Figure 4 shows climatological moisture flux fields
for the stationary and transient components and their totals
in winter (September to April) and summer (May to
August). In summer, the stationary component, in which
arrows overall point northeastward over the Amur basin,
mainly determines the total flux convergence. An area with
long arrows from the East China Sea to Japan marks the
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rain belt that coincides with the Baiu/Meiyu stationary front,
in association with the Asian summer monsoon [e.g.,
Yoshino, 1965; Murakami and Matsumoto, 1994]. This area
also covers the southeastern part of the Amur basin.
Therefore, the summer flux, which influences the autumn
discharge, is partially influenced by the Asian summer
monsoon. Flux from the west of the Amur basin also
contributes to the summer precipitation. This eastward flux
can be caused by midlatitude westerlies. Divergent areas are
located in the far western inland area of the continent.
Because the divergent sign of the vertically integrated
horizontal flux must equal the moisture supply from the
surface, the divergent area indicates that surface evaporation
exceeds precipitation there. Therefore, Figure 4 implies that
water vapor that evaporates from inland areas also supplies
precipitation to the Amur basin. This is consistent with the
results of a tagged water experiment with an atmospheric
general circulation model by Numaguti [1999], who sug-
gested that precipitation in northern Eurasia originates from
water vapor that evaporates from inland arcas of the
Eurasian continent and that this evaporation-precipitation
process is repeated several times within the continent, in
effect recycling the water.

[22] The transient component of the flux diverges overall
over the Amur basin in summer. This implies that short-
lived cyclones, in association with a midlatitude baroclinic
zone, do not supply water to the Amur basin in summer.
Northward directed arrows indicate that the moisture that
evaporates in the Amur basin is transported further north in
association with short-lived summertime cyclones and anti-
cyclones.

[23] In winter, the overall flux by the transient component
converges over the Amur basin, whereas the flux by the
stationary component diverges overall. The flux convergence
of the transient component can be caused by storm activity
in this season and region, where wintertime cyclones are
known to begin and develop [e.g., Chen et al., 1991].
Arrows in the transient component suggest that the river
water in the spring discharge originates from the Pacific,
although these arrows are not the same as the material
trajectories. In contrast, arrows in the stationary component
around the Amur basin point southeastward. This direction
is associated with the winter monsoon that blows from the
cold, dry Eurasian continent toward the warm Pacific
Ocean. Evaporation due to the stationary component asso-
ciated with the dry monsoon wind over the Amur basin can
cause the divergence of the horizontal moisture flux (i.e.,
negative water input to the Amur basin). Overall, the total
flux in winter slightly converges over the Amur basin
because of larger moisture flux from the south by the transient
component than by the stationary component.

[24] In summary, the spring discharge is mainly supplied
by water vapor from the Pacific Ocean transported by short-
lived storm activity in winter. The autumn discharge is
mainly supplied by water vapor from the East China Sea in

Figure 4. Climatological horizontal maps of (left) summer (May through August) and (right) winter (September through
April) moisture fluxes and their divergence or convergence calculated by ERA40 data. (top) Total, (middle) stationary,
and (bottom) transient components. Arrows represent the flux, with the unit length shown in each map. The unit of flux is

1

kg s~

m~'. The shading indicates the divergence or convergence in mm/d. The turquoise and reddish colors represent

convergence and divergence, respectively. The length of the arrows for the transient component is three times as long as the
arrow in the total or stationary flux figures when the flux value is of identical magnitude.
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Figure 5. (top) Interannual variation in autumn discharge and the corresponding summer P-E calculated
by ERA40 data and (bottom) that in spring discharge and its corresponding winter P-E. The year “01”” on
the x axis of Figure 5 (bottom) indicates the mean value from September to December of the year 2000
plus the value from January to April of 2001 for the winter P-E, and from December 2000 plus January to
June 2001 for the spring discharge. The unit of the vertical axis is mm/a. The discharge is divided by the
area of the Amur basin. The “R” shown in each plot indicates the correlation coefficient between P-E and

discharge.

association with the Asian summer monsoon, as well as
evaporated water from inland areas carried by midlatitude
westerlies.

7. Interannual Variation and Its Relationship to
Horizontal Moisture Flux Patterns

[25s] Next, we investigate the causes of interannual vari-
ation in Amur River discharge. Because different climato-
logical atmospheric processes cause the spring and autumn
discharges, analyses of the interannual variation must also
be divided into these two seasons. Figure 5 shows time
series of spring and autumn discharge and their associated
winter and summer P-E. Correlation coefficients are 0.84
for autumn discharge and summer P-E and 0.57 for spring
discharge and winter P-E. Autumn discharge thus shows
better correlation than spring discharge. The large correlation

Table 2. Correlation Coefficients of Autumn Discharge and the
Corresponding Summer P-E Estimated by ERA40, NCEP2,
JRA25, and ERA15 Reanalysis Data on an Interannual Time
Scale and Those of Spring Discharge With the Corresponding
Winter P-E*

ERA40 NCEP2 JRA25 ERAI1S5
Autumn discharge 0.84%* 0.74%* 0.74%* 0.77**
Spring discharge 0.57** 0.54* 0.51* 0.23

“Double and single asterisks denote 99% and 95% statistical significance
(¢ test), respectively.

for autumn discharge indicates that summer atmospheric
processes principally govern autumn discharge. On the
other hand, spring discharge is influenced not only by
atmospheric processes related to the P-E, but also by other
major hydrological processes that are affected by variation
in water storage, S. Calculating the interannual variations
from the NCEP-R2 and JRA2S5 data and correlating these
variations with the discharge (Table 2) again confirms the
superiority of the ERA40 data.

[26] Table 3 provides the correlation coefficients of the
interannual time series of the individual stationary and
transient components of the flux convergence with the time
series of the total moisture flux convergence. The variations
in the total moisture flux convergence correlate well with
the stationary components in both seasons. The higher
correlations with the stationary components than with the
transient components indicate that the variances of the
stationary components in both summer and winter are much

Table 3. Correlation Coefficients for the Stationary, Transient,
and Total Moisture Flux Convergences Averaged Over the Amur
Basin Calculated by ERA40 Data on an Interannual Time Scale®

Total and Total and Stationary and
Season Stationary Transient Transient
Summer 0.80%* 0.29 —0.34
Winter 0.70%* 0.24 —0.53*

For example, “total and stationary” indicates the correlation coefficient
between the total and stationary flux convergences. Double and single
asterisks denote 99% and 95% statistical significance (¢ test), respectively.
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Figure 6. As in Figure 4 except for the composite maps of the summer moisture flux of the stationary
component and their divergence or convergence in (top left) the top five summer P-E years and (top right)
the bottom five summer P-E years. (bottom) A deviation map of the top 5 years from the bottom 5 years.
The arrows in the deviation map are 1.5 times as long as the arrows in the maps of the top and bottom
5 years when the flux value is of identical magnitude.

larger than those of the transient components. Therefore, the
stationary components are the prime determinant for the
interannual variation in discharge. There are negative cor-
relations between the stationary and transient components,
particularly in winter. These negative correlations suggest
the presence of the connection of an atmospheric planetary
wave pattern with the transient storm track activity at an
interannual time scale. This interesting issue is beyond the
scope of our analysis.

[27] Now, we examine moisture flux patterns in associa-
tion with the interannual variation in spring and autumn
discharge. Figure 6 shows the composite maps of the
moisture fluxes in years of large (top 5) and small
(bottom 5) summer P-E. Moisture flux fields in years of
large summer P-E over the Amur basin show counterclock-
wise circulation centered in the west of the basin for the
stationary component. For this flux pattern, the moisture

tends to come from the Pacific to the southeastern Amur
basin. In contrast, the years of small summer P-E exhibit no
prominent counterclockwise circulation pattern. The flux in
the years of small summer P-E is more zonal than in the
years of large summer P-E. The source region of the water
in the years of small summer P-E is thus mainly in inland
continental areas. Figure 6 also shows the flux difference
between years of large and small summer P-E. A counter-
clockwise anomalous moisture flux pattern is obvious over
the continent, suggesting that anomalous moisture flux from
Southeast Asia also promotes anomalous P-E in the Amur
basin, which then leads to anomalous autumn discharge.
[28] The flux difference appears smaller in winter than in
summer. As shown in Figure 7, the patterns for years of
both large and small winter P-E are similar to those of the
climatology (Figure 4). The differences in the flux fields
between years of large and small winter P-E exhibit a
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Figure 7. As in Figure 6 except for winter.

counterclockwise circulation pattern centered on the west of
the Amur basin. The counterclockwise pattern and the
overall northward orientation in the Amur basin suggest
the weakness of the Asian winter monsoon.

8. Interannual Variation and Its Relationship to
Large-Scale Atmospheric Patterns

[29] Large-scale atmospheric fields linearly regressed
onto the interannual variation in the stationary component
of the moisture flux convergence are shown in Figures 8
and 9. The time series of the stationary component is
normalized by its standard deviation. A notable feature in
the circum-Amur basin area in summer is the presence of
negative anomalies over the eastern Eurasian continent
centered near Lake Baikal in the sea level pressure (SLP),
500-hPa, and 200-hPa height fields, signifying a barotropic
structure. Cold anomalies can be also seen around Lake
Baikal (Figure 8b). The location of the cyclonic circulation
anomaly in association with the cold anomalies is located
just to the west of the Amur basin. This cyclonic circulation
agrees with the counterclockwise moisture flux pattern of

the stationary component in the years of large summer P-E
(Figure 6). Also, positive anomalies over the Okhotsk Sea
can be seen in the SLP field. The signature of the positive
anomalies over the Okhotsk Sea is related to the appearance
of the Okhotsk high, which occasionally appears over the
Okhotsk Sea in summer [Tachibana et al., 2004]. The
contrast between the anomalous low pressure over land
and the anomalous high pressure over the Okhotsk Sea
brings about a northward moisture flux in association with
northward wind anomalies in the lower troposphere over the
Amur basin. This northward wind can then supply the Amur
basin with moisture in association with the strengthened
Asian summer monsoon. A west-to-east wavy pattern cross-
ing the Eurasian continent at approximately 40° N, along
the core of a climatological subtropical westerly jet, is
clearly visible at 200-hPa height. This wave train is possibly
a stationary Rossby wave that originated over western
Europe. The cyclonic circulation around Lake Baikal, which
directly influences the discharge, is thus related to this
hemispheric midlatitude circulation.

[30] Winter atmospheric patterns associated with the
winter flux of the stationary component have similar con-
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Figure 8. Linearly regressed summer (May, June, July, and August) mean large-scale patterns with
the standardized interannual variation in the summer flux convergence of the stationary component. The
data shown in this figure are from ERA40. (a) The sea level pressure, (b) the 850-hPa temperature, (c) the
500-hPa height, and (d) the 200-hPa height. Contour intervals for the height, SLP, and 850-hPa temperature
are every 30 m, 0.2 hPa, and 0.2 K, respectively. The gradation of the shadings indicates statistical
significance exceeding the 90, 95, 99, and 99.9% levels by the ¢ test, assuming that the value in each year is
independent. Warm and cool colors indicate positive and negative correlations, respectively.

tinent-to-ocean contrast in the SLP field to that in summer
(Figure 9). Significant positive SLP anomalies widely cover
the Okhotsk and Bering seas, signifying the weakness of the
Aleutian low. Also, over Lake Baikal, significant negative
anomalies appear in the SLP field. This feature implies the
weakness of the winter Siberian high. Weakness of both
the Siberian high and Aleutian low causes weakening of the
Asian winter monsoon, which usually blows from the
continent to the Pacific. This atmospheric pattern is consis-
tent with the moisture flux pattern in winter (Figure 7). The
weak winter monsoon wind over the Amur basin can
suppress the evaporation there. For this reason, the moisture
flux divergence over the basin in years of large winter P-E
can be weaker than in years of small winter P-E.

[31] In addition, a hemispheric-scale pattern shows neg-
ative anomalies in the Arctic and positive anomalies in
midlatitudes from the surface to the upper troposphere at
200-hPa height, although statistical significance is low in
some areas. This northern low and southern high pattern and
the temperature anomalies that are positive over the Eastern
Hemisphere and negative over the Western Hemisphere are
similar to the pattern of the positive phase of NAM/AO
[e.g., Thompson and Wallace, 1998]. This indicates that the
NAM/AO pattern tends to be positive in winter with the
large moisture flux. The positive phase of the NAM/AO is

related to the weakened eastern Asian winter monsoon [e.g.,
Jhun and Lee, 2004]. Therefore, the relation of this large
moisture flux to the positive phase of NAM/AO is consis-
tent with previous studies. However, the pattern in Figure 9¢
does not show a significant signature over the North Pacific
Ocean, which usually has a significant signature in the
typical NAM/AO pattern.

9. Discussion

[32] We have shown the relationship of Amur River
discharge with atmospheric moisture flux from the perspec-
tive of interannual variation. Ogi and Tachibana [2006]
demonstrated good correlation between the annual mean
NAM/AO and the annual mean discharge. Our results for
P-E over the Amur basin also show a NAM/AO-like signa-
ture in winter, but the NAM signature is not as clear as that
found by Ogi and Tachibana [2006]. The correlation coeffi-
cient for the winter P-E with the spring discharge is smaller
than that of the summer P-E with the autumn discharge
(Figure 5). This small correlation implies that processes other
than the winter P-E govern the spring discharge. Here, we
suggest one possibility. Excluding the influence of the winter
P-E from the spring discharge provides the interannual
variation in spring discharge that is not explained by the
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(d)

Figure 9.

(a-d) As in Figure 8 except for winter (September to April) mean large-scale patterns with the

standardized interannual variation in the winter flux convergence of the stationary component.

winter P-E or by the winter moisture flux. Subtracting
the winter P-E from the spring discharge resulted in a
value of —35/0t (equation (3)). Thus, the residual time series
(R — P + E) corresponds to the interannual variation in
discharge that is explained not by P-E, but by the change in
storage, S.

[33] Figure 10 shows correlated and linearly regressed
atmospheric patterns averaged for March, April, and May
onto the standardized residual time series. The atmospheric
pattern exhibited in Figure 10 can signify the large-scale
pattern that is not related to the P-E, but is related to the
change in S. The pattern has a significant signature of NAM/
AO. The signature of the weak Aleutian low is particularly
outstanding from the surface to the upper troposphere. In
addition, the Amur basin is covered by significant warm
anomalies in association with the weak Aleutian low. Thus,
the residual spring discharge that is explained by the change
in S is related to the warm anomalies with the NAM-related
weak Aleutian low over the basin. Warmth can reduce S by
promoting the melting of snow and frozen soil, both of
which store water in its solid state. In fact, the climatolog-
ical surface temperature in the Amur basin changes from
negative to positive degrees Celsius in April as shown in
Figure 2, implying that anomalous warm temperatures in
April promote the melting of snow and frozen soil. It is
therefore reasonable that the warmth associated with the
NAM/AO was related to the large spring residual discharge.
Solid state water only melts when the temperature is higher
than the melting point, and the amount of meltwater is

roughly related to the degrees of departure of the surround-
ing air temperature from the freezing point. We thus
calculated an area-weighted average monthly mean air
temperature at 2 m over the Amur basin using ERA40 data
only when the monthly mean temperature of a grid point
was higher than the melting point and calculated in April in
each year. In a year when this value is large, a large amount
of melting is expected. The correlation coefficient between
this value and the residual time series on an interannual time
scale is 0.50. Although the correlation is not high, it is
positive. This positive correlation supports the idea that the
warmth related to the spring NAM/AO promotes the melt-
ing and the discharge. To confirm this further, in our next
study, we will use a regional hydrological model or other
methods to examine hydrological thermodynamic processes.

10. Remarks

[34] Using long-term discharge data to analyze horizontal
moisture flux, we have uncovered processes that determine
Amur River discharge and their climatological seasonal and
interannual variations. Comparison of the moisture flux to
the discharge showed that the climatological spring dis-
charge, which peaks in May, is supplied by the moisture
flux in the previous autumn and winter. Table 4 summarizes
the related atmospheric patterns. The autumn discharge
peak is supplied by the summertime moisture flux. The
spring discharge is mainly supplied by short-lived storm
activity from the previous autumn and winter, whereas the
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Figure 10. Linearly regressed atmospheric patterns averaged in March, April, and May onto the
interannual time series of the change in land water storage, —d5/0¢, which is calculated by a residual time
series. The residual time series is the time series of the winter P-E subtracted from the spring discharge R.
The time series of —dS/0¢ is normalized. The plots illustrate typical atmospheric patterns in the years
when spring storage shows an anomalously large decrease. The large decrease in storage partially
contributes to the anomalously large spring discharge. Contours and shadings are the same as those in

Figure 8.

autumn discharge is mainly supplied by stationary atmo-
spheric patterns in association with the Asian summer
monsoon and midlatitude westerlies.

[35] Interannual variation in the summer moisture flux is
related to the strength of the Asian summer monsoon and a
stationary anticyclone, the Okhotsk high. The Asian sum-
mer monsoon, in association with anomalous cyclonic
circulation over Eurasia, strengthens the anomalously large
summer moisture flux from the south, resulting in anoma-
lously large discharge in autumn. The Asian winter mon-
soon, in association with the anomalously strong Siberian
high and Aleutian low, strengthens the moisture flux diver-

Table 4. Summary of the Results®

gence (i.e., activated evaporation in the Amur basin, result-
ing in anomalously small discharge in spring). The
hemispheric atmospheric pattern relates to the moisture flux
convergence and, to some extent, resembles the NAM/AO.
Anomalously large spring discharge is also related to the
warm phase of the NAM/AO, which prompts the melting of
snow and frozen soil and thus contributes to the anoma-
lously large spring discharge. Therefore, the NAM/AO
pattern influences both the moisture flux and the change
in land water storage.

[36] Finally, our results include oceanographic implica-
tions. Monsoon-related moisture flux to the Amur basin

Autumn Discharge

Spring Discharge

winter transient moisture flux,
from the south by the storm track

Climatology summer stationary moisture flux, from
the south by the monsoon,
from the inland by the westerlies
Interannual summer stationary moisture flux,

strengthened summer monsoon

winter stationary moisture flux,
weakened winter monsoon,
AO-related spring warmth,
melts of snow and frozen soil

“The “climatology” line indicates the large-scale atmospheric patterns corresponding to the climatological mean autumn and
spring discharges. The “interannual” line indicates the related large-scale anomalous environments in a year of large discharge

by the Amur River.
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possibly originates from the subtropical Pacific Ocean.
Thus, the following freshwater circulation is suggested.
Moisture evaporated from the Pacific Ocean is brought to
the Amur basin by the summer monsoon and then flows out
to the Okhotsk Sea. Therefore, the Asian monsoon plays a
role of northward freshwater transporter from the Pacific
Ocean to the Okhotsk Sea. To confirm this, trajectory
analysis or stable isotope observational studies are neces-
sary to identify the source regions. Global warming might
strengthen the Asian summer monsoon because of the
enhancement of ocean-land temperature contrast. This
strengthened monsoon may lead to reduced salinity in the
Okhotsk Sea. The resulting freshening could then promote
sea ice formation in the Okhotsk Sea in the future. In
addition, the decrease in storage, S, in association with
climate warming may also promote discharge and freshen-
ing. According to a multimodel ensemble analysis of the
future large-river discharges due to global warming by
Nohara et al. [2006], Amur River discharge will increase.
Although Nohara et al. [2006] did not describe the reason
for this increase, the influence of monsoon changes could be
a possible cause. To confirm this, river discharge measure-
ments at Bogorodskoe station must be maintained and
continued into the future.
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