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Abstract

A dataset of historical river discharge into oceans was created using the CaMa-Flood global river routing model and adjusted
runoff from the land component of JRA-55. The major rivers were well resolved with a 0.25° horizontal resolution. The total
runoff on each drainage basin exhibits a distinctive bias on decadal time scales. The input runoff data were modified using
5-year low-pass-filtered multiplicative factors to fit the annual mean climatology and decadal variations in the reference
dataset. The model incorporated data from 1958 to 2016. The yearly and seasonal variations of the major rivers are well

represented by the model.
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1 Introduction

Continental river discharge is an essential factor in the global
freshwater budget (e.g., Trenberth et al. 2007). Therefore,
an assembled, global river dataset is desired to facilitate the
development of ocean circulation models. Dai et al. (2009)
constructed a dataset of historical river discharge based on
observations at the farthest downstream stations of large
continental rivers. Missing data were populated using land
surface models with observed atmospheric data. This river
discharge dataset was included in the boundary condition
data (Large and Yeager 2009) to drive ocean models for
the protocol of the CLIVAR Coordinated Ocean sea-ice
Reference Experiments (COREs; Griffies et al. 2012) and
the CMIP6 Ocean Model Intercomparison Project (OMIP;
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Griffies et al. 2016). However, updates for this dataset were
stopped in 2007. An updated or new historical dataset is
therefore needed to facilitate simulations of recent climate
events. Furthermore, eddying and coastal ocean modeling
requires a higher spatial and temporal resolution than that
offered by the current dataset.

The JRA-55-based surface dataset is a suitable dataset
for driving ocean—sea ice models (Tsujino et al. 2017). It
is a recent and long-term reanalysis using a high-resolution
(~ 55 km) atmospheric model (Kobayashi et al. 2015) and
has been updated in near-real time since 1958. The spatial
resolution and the time intervals are sufficient for eddying
and coastal ocean modeling, but the dataset is not suitable
for discharge modeling because of the absence of a river
routing model. The aim of this study was to construct a data-
set of historical river discharge using a global river routing
model integrated with the input runoff from the land surface
model of JRA-55. This method is potentially useful for esti-
mating river discharge. In a previous study (Dai and Tren-
berth 2002), similar estimates were made using precipitation
minus evaporation based on atmospheric reanalysis data,
and annual and monthly agreement with the observed river
discharge data was observed. The input runoff used in this
study includes soil moisture and snow accumulation data.

The original reanalysis output of JRA-55 including
the input runoff contains some climatological and time-
depended biases, such as those caused by the update of the
assimilation techniques and the satellite observation systems
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(Kobayashi et al. 2015). Therefore, adjustments to remove
these biases were required before the integration of the river
routing model to construct the new river discharge dataset.
These adjustments were performed using the following phi-
losophies. The annual mean climatology of the new dataset
is consistent with that of the previous widely used dataset
(Dai et al. 2009) so that no climatological ocean features are
lost. Meanwhile, interannual variation, such as the ENSO,
and shorter time scales are not modified to be coherent with
the atmospheric events, such as the passage of low pres-
sure, in JRA-55. These river discharge data are designed for
use with the atmospheric data of the modified JRA-55 by
Tsujino et al. (2017), so that a user can apply the dataset to
recent climate events with eddying regimes as a boundary
condition.
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Fig. 1 Drainage basins of major continental rivers resolved by CaMa-
Flood (upper), basin groups (middle), and river width (lower)
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2 Model and methods

The global river routing model CaMa-Flood (Yamazaki et al.
2011) was used to calculate river discharge. The spatial and
temporal resolutions were determined to be sufficient for
eddy-permitting global ocean models. The spatial resolution
of the river routing model is 0.25° in longitude and latitude
and the temporal resolution of the output is 1 day for the
dataset. The flow paths of the major continental rivers are
well resolved in CaMa-Flood (Fig. 1) and divided areas are
realistically represented. The input runoff from the JRA-55
land surface model is routed to the oceans along the river
network map, which is prescribed to fit the land surface grids
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Fig.2 Adjustments for the Amazon River. Upper panel: input run-
off to the river from the land surface component of JRA-55 (black);
low-pass filtered by 5-year Lanczos window (orange); river runoff
to the ocean by Dai et al. (2009) (red); regressed river runoff to the
ocean based on comparison between Dai et al. (2009) and GPCP
(green); low-pass filtered by 5-year Lanczos window (blue). Middle
panel: river runoff to the ocean calculated by CaMa-Flood with the
adjusted input (blue); river runoff to the ocean by Dai et al. (2009)
(red); correction (multiplicative) factor (0.2 < f < 5.0) applied to the
JRA-55 river runoff from land used as an input (orange) (right ordi-
nate); recent observed river runoff to the ocean by Dai (2016) (dotted
red line). Lower panel: precipitation for basin group (black, JRA-55;
green, GPCP) (color figure online)
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Table 1 Comparison of major continental rivers analyzed in this study from CORE (Dai et al. 2009) and JRA55-do (CaMa-Flood) for the period
1963-2007. Correlation coefficients are estimated over 1963-2007

No. River (Sv) River discharge rate  CaMa-Flood (Sv) River area (km?) Correlation coef- Correlation coef-
(Dai et al. 2009) ficient annual mean ficient seasonal
cycle
1 Amazon 0.21298 0.21437 5,948,440 0.787 0.992
2 Congo 0.04145 0.03998 3,800,430 0.671 0.550
3 Orinoco 0.03566 0.03684 953,301 0.662 0.932
4 Changjiang 0.02978 0.02948 1,995,490 0.869 0.869
5 Brahmaputra and Ganges 0.03453 0.03317 1,603,870 0.788 0913
6 Mississippi 0.01939 0.02085 3,228,820 0.947 0.866
7 Yenisey 0.01922 0.01967 2,611,950 0.635 0.667
8 Parana and Uruguay 0.25340 0.02897 3,144,930 0.905 0.215
9 Lena 0.01694 0.01726 2,459,080 0.780 0.514
10 Mekong 0.01712 0.01830 777,737 0.795 0.901
11 Tocantins 0.01628 0.01543 855,379 0.851 0.906
12 Ob 0.01303 0.01347 2,947,140 0.848 0.885
13 Irrawaddy 0.01240 0.01299 382,266 0.744 0.947
14 St Lawrence 0.01144 0.01206 1,083,510 0.827 0.579
15 Amur 0.01101 0.01051 2,223,650 0.938 0.640
16 Mackenzie 0.00905 0.00911 1,779,410 0.610 0.830
17 Xijiang 0.00851 0.00908 409,874 0.799 0.950
18 Columbia 0.00766 0.00758 705,329 0.898 0.895
19 Magdalena 0.00732 0.00729 259,263 0.751 0.961
20 Yukon 0.00753 0.00671 837,427 0.661 0.712
21 Atrato 0.00644 0.00625 37,589.5 0.472 0.615
22 Danube 0.00646 0.00650 798,997 0.816 0.945
23 Niger 0.00580 0.00584 2,434,350 0.305 0.875
24 Ogooué 0.00590 0.00618 218,564 0.225 0.547
25 Essequibo 0.00470 0.00588 158,407 0.722 0.927
26 Fraser 0.00454 0.00461 231,671 0.646 0.115
27 Pechora 0.00453 0.00480 317,742 0.467 0.060
28 Nelson 0.00397 0.00413 1,214,980 0.543 0.608
29 Khatanga 0.00442 0.00574 359,899 0.421 0.772
30 Sepik 0.00389 0.00393 77,791.2 0.334 0.984
31 Kolyma 0.00367 0.00371 646,426 0.598 0.574
32 Zambezi 0.00372 0.00324 1,389,440 0.454 0.903
33 Severnaya Dvina 0.00350 0.00339 355,547 0.582 0.816
34 Indus 0.00328 0.00249 890,286 0.515 0.400
35 Sanaga 0.00312 0.00341 132,983 0.295 0.838
36 Godavari 0.00304 0.00293 311,573 0.842 0.916
37 Sao Francisco 0.00287 0.00249 641,823 0.779 0.895
38 Sacramento and San 0.00238 0.00239 169,625 0.963 0.536
Joaquim

39 Nile 0.00125 0.00528 3,482,510 0.392 —0.809
40 Murray 0.00030 0.00026 1,067,710 0.307 0.394
41 Senegal 0.00069 0.00085 629,496 0.791 0.458
42 Colorado 0.00036 0.00105 716,017 0.478 0.8091
43 Orange 0.00022 0.00020 985,694 0.582 0.228
44 Huanghe 0.00149 0.00106 910,716 0.718 0.917
45 Rio Grande 0.00005 0.00030 598,571 —0.141 —0.5431
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Table 2 Comparison of river discharge for CORE (Dai et al. 2009) and JRA55-do (CaMa-Flood) from 1963 to 2007 for major ocean basins

Basin River discharge rate (Dai CaMa-Flood (Sv) Percentage of 45 major Correlation coefficient Correlation coef-
et al. 2009) (Sv) rivers CaMa-Flood annual mean ficient seasonal

cycle

Atlantic 0.54989 0.54808 74 0.690 0.9741

Pacific 0.26115 0.26150 36 0.864 0.8901

Indian 0.12051 0.12039 46 0.664 0.926

Arctic 0.13305 0.13272 58 0.602 0.836

Mediterranean 0.01525 0.01869 28 0.665 0.752I

Black sea 0.01106 0.01101 59 0.830 0.934

Hudson Bay 0.03234 0.03239 13 0.715 0.956

Baltic sea 0.01467 0.01463 0 0.785 0.833

Red sea 0.00568 0.00489 0 0.401 0.918

Global Ocean 1.14360 1.14429 57

Atlantic WB 0.43886 0.43718 80 0.777 0.999

Atlantic EB 0.11102 0.11090 51 0.625 0.145

Pacific WB 0.18502 0.18477 39 0.832 0.923

Pacific EB 0.07613 0.07673 29 0.781 0.766

Indian WB 0.04790 0.04761 12 0.457 0.932

Indian EB 0.07261 0.07278 68 0.834 0.913

WB western boundary group, EB eastern basin group

of JRA-55. The subgrid scale river parameters were cal-
culated on the basis of a 1-km resolution digital elevation
model. These parameters were calibrated to represent the
seasonal cycle of the reference data for the major continental
rivers.

Some biases were found in the input runoff of the original
JRA-55 data. For example, the sum of the input runoff from
the drainage basin of the Amazon River exhibits large step-
like variations (Fig. 2, upper panel). Under the assumption
that the input runoff from the land instantaneously runs into
the oceans, the variation in the total input runoff for each
drainage basin is consistent with the river discharge at each
river mouth. This assumption is plausible for an epoch of a
few years. However, these step-like variations are not visible
for the observation-based river discharge at the river mouth
(Fig. 2, upper panel) and for the precipitations obtained from
recent satellite observations from the Global Precipitation
Climatology Project (GPCP; Adler et al. 2003; Fig. 2, lower
panel). The variation could likely be caused by the biases
of the precipitation in JRA-55 (Fig. 2, lower panel) as sug-
gested by Harada et al. (2016). These time-dependent step-
like biases are due to the update of the assimilation tech-
niques as mentioned above (Kobayashi et al. 2015).

To facilitate future updates to the dataset, a simple adjust-
ment procedure is required. Therefore, multiplicative fac-
tors were introduced to remove the biases. The factors were
estimated to fit the reference data for river discharge into
oceans by Dai et al. (2009) for time periods greater than
5 years and applied to the aforementioned assumption that

@ Springer

the input runoff is consistent with the river discharge at each
river mouth. However, the period of the reference dataset
was not sufficient to remove the step-like biases, which are
also observed around 2008. Therefore, the reference data
were extended from 2007 to 2015 by linear regression (over
common data period 1979-2007) using the annual total pre-
cipitation of GPCP in the drainage basins, which is well cor-
related with the river discharge into oceans for major rivers
(Fig. 2, upper panel). The multiplicative factor was estimated
as the ratio of river discharge by Dai et al. (2009) to the total
runoff of JRA-55 in each drainage basin after a low-pass fil-
ter (5-year Lanczos window). The factors were extrapolated
back from 1963 to 1958 and fixed after 2010 because the
distinctive time-dependent biases of JRA-55 are not seen
and the assimilation method of JRA-55 was constant after
that. Therefore, the climatological bias should be constant
after 2010. Furthermore, the size of the multiplicative factor
was confined from 0.2 to 5 to avoid an excessive correction
(Fig. 2, middle panel).

These procedures were applied to 38 major continental
rivers with a large river discharge and seven rivers with
a large drainage basin area (Table 1) because these rivers
are well resolved in the model. However, some pairs were
treated as one river, e.g., the Brahmaputra and Ganges,
Parana and Uruguay, and Sacramento and San Joaquim riv-
ers, because the river paths or mouths cross (Table 1). The
major 45 continental rivers contribute 57% of the total river
discharge into oceans except for Antarctica. They account
for 74% of river discharge into the Atlantic Ocean, 36% into
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Time series of annual river discharge (Sv)
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Fig.3 River discharge into Atlantic, Pacific, Indian, and Arctic
Oceans, Mediterranean and Black seas, and global oceans. Blue lines
indicate river runoff calculated by CaMa-Flood with an adjusted

the Pacific Ocean, 46% into the Indian Ocean, and 58% into
the Arctic sea (Table 2). The total drainage basin area of the
45 rivers is 47% of the total drainage basin area into oceans.
This suggests that the contribution of individual smaller
rivers is negligible when examining the global freshwater
budget. However, the river discharge due to the remaining,
smaller rivers is not well resolved in the model. Therefore,
small rivers were grouped into 12 aggregated basins: the
western and eastern boundaries of the Atlantic, Pacific, and
Indian oceans, the Arctic Ocean, Hudson Bay, and the Medi-
terranean, Black, Baltic, and Red seas. The multiplicative
factors were estimated from the sum of the river runoff for
each basin group excluding the major continental rivers and
were applied to the small rivers using the same methodology
as the one used for the major continental rivers.

The other time-dependent adjustments were not applied
directly to the input runoff in order to preserve the variations
corresponding to the daily to interannual events represented

1960 19651970 1975 1980 1985 1990 1995 2000 200520102015

input. Red lines indicate river runoff from by Dai et al. (2009). Dotted
blue lines are calculated from climatology data for 1958-1962 (color
figure online)

in JRA-55. Meanwhile, ad hoc calibration of the bathymetric
parameters was introduced to CaMa-Flood to obtain a real-
istic climatology of the seasonal cycle by Dai et al. (2009)
for the major continental rivers. To calibrate the parame-
ters, sensitivity tests were performed by perturbing the river
depth and width from — 60% to + 100% at the same time.
For the Amazon River, the width and depth were changed
by 20% to get the highest correlation with the reference data.
If significant correlations were not observed, the parameters
were set with lower root mean square deviations.

In addition, the river discharge from liquid water flux
from Greenland was adjusted using the climatology data of
Bamber et al. (2012), because the reference data of Dai et al.
(2009) were underestimated (0.002 Sv) compared with the
latest observations (0.028 Sv) reported.

At the present time, CaMa-Flood has been integrated
from 1958 to 2016 with the adjusted input runoff of JRA-55.

@ Springer
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Fig.4 Total precipitation for divided basins for Atlantic, Pacific,
Indian, and Arctic Oceans, Mediterranean and Black seas, and global
oceans. Black lines are calculated from the original JRA-55. Red

3 Yearly river discharge

Over the period 1963-2007, the total river discharge into the
ocean calculated by CaMa-Flood is approximately 1.14 Sv
(Table 2). The climatological mean river discharges of the
major continental rivers agree with the reference data by
Dai et al. (2009) as shown in Table 1. The middle panel of
Fig. 2 and others (supplemental figures) show the time series
of yearly continental river discharge by Dai et al. (2009;
red line) and the results by CaMa-Flood simulation in this
study (blue line). The orange line indicates the multiplica-
tive factors for the input river runoff of JRA-55. The step-
like biases seen in the original input runoff of JRA-55 are
well removed from the simulated river discharge into oceans.
Furthermore, the variation in the simulated annual mean
river discharge corresponds with the reference data over
time periods greater than 5 years, because the input runoff
is adjusted to the reference data by the multiplicative factor.
However, the adjustment did not work as intended before
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lines are estimated from Dai et al. (2009). Green lines are estimated
from GPCP (color figure online)

1963 because of the backward extrapolation of the factors.
Therefore, seasonal climatology for the period 1958-1962
was introduced.

Although the adjustment is only effective for time peri-
ods greater than 5 years, the variation in annual mean
river discharge over shorter time periods was simulated
in CaMa-Flood in agreement with Dai et al. (2009). For
example, interannual variations such as the ENSO cycle are
well represented. The river discharge of the Amazon River
decreases following El Nifio years (1982—-1983, 19921993,
1997-1998, and 2009-2010) as suggested by previous stud-
ies (e.g., Dai et al. 1997; Amarasekera et al. 1997).

The correlation coefficients of the yearly river discharge
simulated by CaMa-Flood and the observation-based data by
Dai et al. (2009) are statistically significant for the major con-
tinental rivers above 0.4, which exceeds the 99% significance
level based on a two-tailed ¢ test in the 45-year analysis period
(1963-2007). However, some of the West African rivers
(Niger, Ogooué, and Sanaga) show a relatively low correlation
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Fig.5 Mean annual cycle of river discharge by CaMa-Flood (blue
lines) and adjusted input runoff estimated from JRA-55 (blue dotted
lines) for the largest 12 major rivers over the period 1963-2007 (left
ordinate). Red lines indicate river discharge from Dai et al. (2009).

below 0.4. This could be due to the large biases related to the
wrong precipitations of JRA-55 on the drainage basins (lower
panels of supplemental figures). Low correlation coefficients
are also seen for rivers with a small drainage basin area, such
as the Sepik River in New Guinea, and rivers with a small dis-
charge, such as the Murray and Rio Grande rivers. These are
affected significantly by the model resolution and input runoff
biases, so yearly fluctuations are consistent with the variations
of the precipitation in JRA-55 in the drainage basins.

Figure 3 shows the yearly basin integrated river discharge
of the Atlantic, Pacific, Indian, and Arctic oceans, the Medi-
terranean and Black seas, and the global values. The corre-
lation coefficient for the individual ocean basins are above
0.7 (Table 2) for 1963-2007. The variation of the river dis-
charge is well explained by the total precipitation for the
basin group (Fig. 4). The recent precipitation from JRA-55 is
consistent with GPCP after the end of Dai et al. (2009), sug-
gesting that the recent yearly river discharge is realistically
represented in this study. In addition, for some of the major
continental rivers, the observed river discharge was updated
to 2015 by Dai (2016). These recent data are not included in
the reference data to adjust the input runoff. However, the
yearly variations of the river discharge are well represented
compared with the observations after 2007 (Fig. 2, middle

Black lines indicate for total precipitation of JRA-55 for drain-
age basins and green lines indicate GPCP (right ordinate). Note two
annual cycles are shown in each panel (color figure online)

panel, blue line versus dotted red line), suggesting that the
adjustment procedure is valid for future updates.

4 Seasonal river discharge

The seasonal river discharge cycle has a large amplitude
for many rivers. Figure 5 shows the climatological seasonal
cycle of river discharge by CaMa-Flood over the period
1963-2007. There is a time lag between the river discharge
by CaMa-Flood and the input runoff due to the time delay
of freshwater traveling downstream to the ocean. The lag is
partly controlled by the bathymetric conditions of the riv-
ers, which can be a tuning parameter in the model. For the
Amazon River, the highest discharge is seen from May to
June, while the peak input runoff is in early spring. For the
Brahmaputra/Ganges, Mississippi, Mekong, and Tocantins
rivers, the peak of the simulated river discharge is delayed in
comparison with the reference. These lags could be caused
by the limitation of the parameter tuning in CaMa-Flood
or defective time series of the input runoff. For the Congo
and Parana/Uruguay rivers, the amplitude of the simulated
seasonal river discharge is larger than that of the reference
data. The difference can be caused by the larger seasonal
cycle of the input runoff or lack of dam operations in the
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Fig.6 Mean annual cycle of river discharge into Atlantic, Pacific,
Indian, and Arctic Oceans, Mediterranean and Black Seas, and global
oceans over the period 1963-2007 (left ordinate). Blue line indicates
river runoff calculated by CaMa-Flood with adjusted input runoffs

model. Obstacles, such as dams and lakes, help smooth out
and regulate river flow, as suggested by Dai and Trenberth
(2002). For the large Arctic rivers (Yenisey, Lena, and Ob),
the rapid increase in river discharge in June resulting from
the rapid increase of the input runoff due to snow melting
in spring is well simulated. However, the additional peak is
seen in fall to early winter in our dataset. These peaks are
related to the large input runoff from July to August, which
is consistent with the peaks of precipitations (Fig. 5, black
lines). The large input runoff in this period could be induced
by the underestimation of the evaporation on the land sur-
face in the land component of JRA-55. A similar relationship
between the river discharge and the input runoff is also seen
in the entire Arctic region (Fig. 6).

Some small rivers also show a low correlation coefficient
(Table 2). However, the phase of the seasonal cycle of the
basin-integrated river discharge (Atlantic, Pacific, Indian,
and Arctic oceans, Mediterranean and Black seas, and global
oceans) is consistent with the reference data (Fig. 6). For the
Mediterranean and Black seas, although the basin-integrated
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indicated by blue dotted lines. Red lines indicate river discharge from
Dai et al. (2009). Black lines indicate for total precipitation of JRA-
55 for drainage basins and green lines indicate GPCP (right ordinate).
Note two annual cycles are shown in each panel (color figure online)

precipitation of JRA-55 is consistent with that of GPCP
(Fig. 6b), the amplitude of seasonal river discharge is larger
than the reference data. This may be due to the relatively
large amplitude of the input runoff caused by the underesti-
mation of the evaporation, which positively correlates with
the precipitation and thus reduces the input runoff in the
drainage basin.

5 Summary

In this study, we used the global river routing scheme CaMa-
Flood to accurately represent the yearly and seasonal conti-
nental river discharge and compared the results with a refer-
ence dataset. Significant changes might have appeared in the
seasonal variations in the Arctic Ocean with respect to Dai
et al. (2009). However, the changes of the river input data-
sets do not have critical impacts on the sea ice seasonal vari-
ations obtained from Arctic ocean—sea ice model simulations
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using the different river datasets (Eiji Watanabe, personal
communication, 2017).

The most important advantages of this study are the capa-
bility to update the dataset in near-real time and the time and
horizontal resolutions, particularly for short rivers, where
the time lag between the input runoff and the river discharge
into the ocean is negligible. For example, the response of
a river discharge to the passing of an atmospheric low is
resolved and accompanied by the concurrent precipitation.
This suggests that the methodology is suitable for simula-
tions using high-resolution models. The dataset is released
as a subset of JRAS55-do (Tsujino et al. 2017) and will be
updated in near real time.
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