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S1 Simulated circulation in the East China Sea

Zhang et al. (same special issue) assessed the skill of the
applied ROMS model with respect to the physics based on
sea surface temperature and salinity, which provides a ba-
sic validation of the simulated hydrography. However, our5

study of the contributions of the different nutrient sources
on hypoxia also requires a good representation of the gen-
eral circulation in the East China Sea (ECS). This is partic-
ularly important considering the distinct seasonality of the
region due to the East Asian monsoon. Furthermore, it is im-10

portant to evaluate simulated surface and subsurface currents
as intrusion from the Kuroshio occur mainly in the subsur-
face (Zhou et al., 2017a, 2018). Therefore, Fig. S1 shows
average ocean current velocities and directions in the sur-
face (0–25m; panels a, b) and subsurface ocean (25–200m;15

panels c, d) during summer (June to August, ‘JJA’; panels
a, c) and winter (December to February, ‘DJF’; panels b, d)
2008–2013. The main branch of the Kuroshio is well repro-
duced, visible as a band of high current velocities in the sur-
face and subsurface (Figs. S1a, b). Maximum velocities of20

up to 1.6ms−1 occur during summer in the surface layers
directly east of Taiwan (Fig. S1a). North of Taiwan, summer
currents are driven mainly by inflow through Taiwan Strait,
indicated by the band of relatively high velocities off the Chi-
nese coast (Figs. S1a, b). At about 27.5 ◦N, 122.5 ◦E, the cur-25

rent merges with a subsurface intrusion from the Kuroshio
branching northeast of Taiwan (Fig. S1b). This current is
partly deflected northeastward at 29 ◦N, which is in agree-
ment with both another model (Bian et al., 2013) and obser-
vations (Zhou et al., 2017b, 2018).30

North of 31 ◦N, the southward Yellow Sea Coastal Current
(YSCC) is simulated in summer and winter (Figs. S1a and b,
respectively), but it is weaker and reaches less far south in

summer. This behavior is within the range of existing mod-
eling studies, which either simulate a consistent northward 35

current (Bian et al., 2013) or a seasonal reversal of the YSCC
(Guo et al., 2006). Existing observations are inconclusive on
the seasonality of the YSCC (Bian et al., 2013).

The surface inflow through Taiwan Strait is significantly
lower in winter than in summer (compare Figs. S1a and c), 40

due to the southwestward flowing East China Sea Coastal
Current with velocities of 0.1–0.3ms−1, which is in line
with Bian et al. (2013).

The subsurface Kuroshio intrusion northeast of Taiwan is
also present in winter (Fig. S1d), but reaches less far north 45

than during summer. A relatively strong westward current
(up to 0.4ms−1) at 125 ◦E, 31–32 ◦N originating from the
Kuroshio is simulated in winter in both the surface and the
subsurface (Figs. S1c, d). This is in agreement with model
results of Guo et al. (2006), despite slightly higher current 50

velocities in our model.
In summary, our model agrees well with existing literature

with respect to the seasonality of surface and subsurface cur-
rents in the ECS. Thus, it provides a reliable basis for the
source-specific nitrogen tracing. 55

S2 Source-specific gross oxygen consumption in
northern and southern region

Table S1 provides the values for gross oxygen consumption
(GOC), its relative contributions by the different N sources
and total hypoxic areas for the northern and southern regions 60

corresponding to the analyses presented in section 3.3 of the
main text. Table S2 provides the analogous values and wind
velocities corresponding to the results presented in section
3.4 of the main text.
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Figure S1. Temporally (2008–2013) and vertically averaged ocean current directions (arrows) and velocities (colors) near the surface (0–
25m; a, c) and in the subsurface ocean (25–200m; b, d) during summer (June–August (JJA); a, b) and winter (December–February (DJF); c,
d). Direction vectors are sampled every four grid cells and have the same length. Same color scale for all panels.

S3 Seasonal cycle of freshwater thickness and
stratification

To study the effect of the Changjiang River on stratification,
we calculate the freshwater (FW) thickness using the passive
dye tracers from the Changjiang River. The FW thickness at5

a specific location (x,y,t) is defined as (Zhang et al., 2012):

hfw =

η∫
−z0

Cp dz (S1)

Here, η and z0 are the sea surface elevation at (x,y,t) and
the reference depth down to which the dye tracer concentra-
tion Cp attributed to Changjiang River is integrated, respec- 10

tively. We use z0 = 25m as the amount of FW in the near-
surface layers is the most relevant for stratification.

We use potential energy anomaly (PEA; Simpson, 1981), a
measure for the stability of a water column, to analyze strat-
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Table S1. Average gross oxygen consumption (GOC; in mmolO2 m
−2 d−1), its source-specific contributions (in %) and total hypoxic area

(AH ; in 103 km2) in the northern and southern analysis regions (see Fig. 1, main text) during July to November of the years 2008–2013
and averaged (± 1 standard deviation) over the entire period. Values for GOC and AH correspond to Fig. 4 in the main text. Yellow Sea
contribution is not shown (always <0.2%). Percentage sums greater than 100% due to rounding.

Year GOC Changjiang Other rivers Kuroshio Taiwan Strait AH

northern region

2008 51.6 75.0 4.2 14.8 5.9 8.0
2009 52.4 78.1 3.7 12.7 5.6 8.4
2010 52.5 78.2 4.0 12.1 5.6 14.4
2011 50.9 71.2 4.6 17.2 6.9 8.4
2012 54.2 77.5 4.2 12.4 5.9 8.5
2013 51.5 63.3 3.6 22.4 10.7 0.5
mean 52.2± 1.2 73.9± 5.4 4.0± 0.3 15.2± 3.7 6.8± 1.8 8.0± 4.4

southern region

2008 42.3 60.3 4.4 19.0 16.3 12.3
2009 41.9 61.1 4.7 17.8 16.5 10.5
2010 40.0 58.4 4.9 17.9 18.7 12.0
2011 38.6 51.9 4.6 22.3 21.2 5.7
2012 41.8 60.2 5.1 17.7 17.1 6.3
2013 32.4 46.9 4.2 23.2 25.6 4.6
mean 39.5± 3.8 56.9± 5.1 4.7± 0.3 19.5± 2.2 18.9± 3.2 8.6± 3.4

ification:

PEA =
1

D

η∫
−H

gz (ρ− ρ) dz, (S2)

with water column depth D =−H + η, bottom depth H , lo-
cal depth z, gravitational acceleration g, potential density ρ,
and vertically averaged potential density ρ:5

ρ=
1

D

η∫
−H

ρ dz. (S3)

Density ρ depends on salinity (S), temperature (T ) and pres-
sure (p), and is calculated from the simulated fields using
the‘Thermodynamic Equation of Seawater’ (TEOS-10; Mc-
Dougall and Barker, 2011):10

ρ= ρ(S,T,p) . (S4)

To analyze the effect of Changjiang River FW on strat-
ification in the highly variable southern hypoxic region (see
main text, Fig. 1), we present time series of monthly and spa-
tially averaged FW thicknesses and PEA over water depth15

(PEA/D) for that region for the years of the largest (2008)
and smallest simulated hypoxic areas (2013) in Fig. S2.

The FW thickness shows a distinct seasonal cycle with
low values during July/August, a strong increase in Septem-
ber/October, followed by a decrease through winter and20

spring. Only in 2013, this pattern is interrupted by a short-
term increase of FW thickness in June. The seasonal cycle of

PEA/D is less pronounced, and partly opposed to that of FW
thickness. PEA/D tends to increase from January to June, al-
though FW thickness steadily decreases, which likely results 25

from surface warming and an inflow of oceanic water masses
in the subsurface (see Fig. S1b) supporting an increase in
stratification.

The strong increase in FW thickness during September of
both years coincides with an increase in PEA/D, which is 30

particularly pronounced in 2008, the year of the largest hy-
poxic area. This is caused by both the higher Changjiang
River FW discharge compared to 2013 (see main text, Fig.
2) and the anomalously weak winds in September/October
2008 (see Fig. 5), which enable the longer maintenance of 35

intense stratification. In contrast, the winds are anomalously
strong in September 2013, and FW thickness is almost 2 m
less than in 2008 (see Fig. S2b), resulting in only a minor
increase in stratification.
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Table S2. Monthly averaged gross oxygen consumption (GOC; in mmolO2 m
−2 d−1), relative contributions by different N sources (in %),

hypoxic area (AH ; in 103 km2), and meridional wind (v10; in ms−1) in the southern region in 2008 and 2013. Values correspond to results
shown in Fig. 5 (main text). Yellow Sea contribution not shown (always <0.2%). Percentage sums greater than 100% due to rounding.

Month GOC Changjiang Other rivers Kuroshio Taiwan Strait AH v10

2008

1 15.0 67.9 3.4 14.1 14.5 0.0 -6.5
2 6.0 66.5 3.4 16.0 14.0 0.0 -6.6
3 30.5 66.1 4.5 13.1 16.1 0.0 -2.6
4 33.7 66.3 5.8 12.6 15.1 0.0 -1.0
5 20.0 42.1 7.2 22.3 28.4 0.1 -0.3
6 23.2 34.2 11.2 27.9 26.7 0.1 3.0
7 35.1 28.7 7.5 33.1 30.8 1.0 4.6
8 43.9 37.0 6.3 31.2 25.4 1.5 1.9
9 67.0 76.2 3.4 11.6 8.8 8.0 -1.5
10 42.1 77.4 2.3 11.1 9.3 7.9 -3.3
11 23.7 76.7 2.5 9.5 11.3 6.7 -5.4
12 23.9 74.7 2.5 9.8 13.0 0.0 -4.7
mean 30.4± 15.8 60.0± 19.4 4.9± 2.5 17.8± 9.2 17.2± 8.3 2.1± 3.3 -1.8±3.7

2013

1 6.6 75.3 2.8 11.8 10.1 0.0 -4.8
2 12.4 74.8 3.4 11.6 10.2 0.0 -4.0
3 29.1 67.4 4.1 14.3 14.2 0.0 -2.5
4 38.5 67.5 5.2 13.8 13.5 0.0 -1.1
5 22.8 55.6 7.1 17.9 19.4 0.0 0.9
6 39.6 62.9 8.8 14.1 14.2 1.6 1.2
7 27.6 35.8 6.6 21.2 36.3 4.3 5.9
8 26.7 2.2 2.6 42.9 52.3 0.1 3.4
9 49.1 56.8 5.3 20.5 17.4 0.5 -3.3
10 34.2 61.9 3.1 19.4 15.6 0.4 -6.6
11 24.6 68.8 2.9 14.4 13.9 0.0 -4.2
12 20.6 72.7 3.6 9.6 14.1 0.0 -6.1
mean 27.7± 11.7 56.8± 19.7 5.0± 2.0 18.4± 8.4 19.9± 12.1 0.6± 1.3 -1.7± 3.9
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Figure S2. Monthly averaged freshwater (FW) thickness (in upper 25m) and potential energy anomaly over water depth (PEA/D) in the
southern region for the years of the largest (2008) and smallest (2013) hypoxic areas.


