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Abstract. Dissolved nitrous oxide (pD) was measured in 1 Introduction
the waters of the Changjiang (Yangtze River) Estuary and
its adjacent marine area during five surveys covering the peN,O is an important trace gas in the atmosphere, which is
riod of 2002-2006. Dissolved 2D concentrations ranged responsible for 5-6% of the greenhouse effect (Houghton et
from 6.04 to 21.3 nM, and indicate great temporal and spatiakl., 1996), and also contributes to the destruction of the ozone
variations. Distribution of NO in the Changjiang Estuary layer (Crutzen and Schmailzl, 1983). The global atmospheric
was influenced by multiple factors and the key factor var-N,O concentration has increased from a pre-industrial value
ied between cruises. Dissolved riveringiwas observed  of about 270 to 319 ppb in 2005 (IPCC, 2007). The oceans
monthly at station Xuliujing of the Changjiang, and ranged are considered to be significant sources for atmosphefi; N
from 12.4 to 33.3nM with an average of 194.3nM. O contributing about 25% of the global emissions (Nevison et
concentrations in the river waters showed obvious seasonall.,, 1995; Bouwman et al., 1995). However, emission of
variations with higher values occurring in both summer andN,0 from the oceans is not uniformly distributed geograph-
winter. Annual input of NO from the Changjiang to the jcally. Estuaries have been subject to intense anthropogenic
estuary was estimated to be 1%a0° mollyr. N2O emis-  inputs of inorganic nitrogen as a consequence of fertilizer
sion rates from the sediments of the Changjiang Estuary;sage and sewage input over recent decades (Howarth et al.,
in spring ranged from-1.88 to 2.02umolm?d~1, which  1996). One important consequence of the increased N load
suggests that sediment can act as either a source or a sithe enhanced production and emission eONrom estu-
of N20 in the Changjiang Estuary. Average annual sea-to-aries (Barnes and Owens, 1998; De Wilde and de Bie, 2000;
air N2O fluxes from the studied area were estimated to beMarty et al., 2001; LaMontagne et al., 2003; Garnier et al.,
7.7+5.5, 15.14+:10.8 and 17.&:12.6 umolm2d~! using  2006). Although estuaries represent only about 0.4% of the
LM86, W92 and RCO1 relationships, respectively. Henceglobal ocean area, Bange et al. (1996) estimated they account
the Changjiang Estuary and its adjacent marine area are a nfdr about 33% of the oceanic ® emission. However, these
source of atmosphericAD. estimates are rather uncertain due to high spatial and tempo-
ral variability and the limited data available, especially for
the typical large river estuaries in the world. For example,
very limited data are available for the Amazon, the Missis-
sippi and large river estuaries in Asia.

The Changjiang (Yangtze River), 6300 km at total length,
is the largest river in Asia, ranking third in length, fifth in

Correspondence td5.-L. Zhang freshwater discharge and fourth in sediment discharge among
BY (guilingzhang@ouc.edu.cn) the world’s rivers (Milliman and Syvitski, 1992). Its drainage
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Fig. 1. Sampling locations in the Changjiang (Yangtze River) EstuajyApril (x) and November (0) of 2002b) June, August, October of
2006 () and Xuliujing (XLJ, solid triangle); The box in (b) indicates the area covered by (a) and the dashed lines indicate the isobaths.

basin covers about 1.8 million Kirin area, which is about able for the distribution, fluxes and production processes of
one fifth of the total land area of the whole country. The dissolved NO in the Changjiang Estuary. Hou et al. (2007)
huge amount of runoff discharge (903%iyr averaged from studied the MO production in the intertidal sediments of the
the 1950s to 2005), and sediment load (414 million t/yr aver-Changjiang Estuary, and found thap® was mainly from
aged from the 1950s to 2005) enter its estuary and are empaitrification under the aerobic condition and from denitrifi-
tied into the East China Sea (ECS) (Wang et al., 2008). Thecation under the waterlogged and reflooded conditions.
Changjiang estuary is of particular interest to nutrient cycling Here we present a study on the distribution ofNin the
because of its importance for the transportation of terrige-outer estuary of the Changjiang and its adjacent marine areas.
nous nutrients to the coastal seas. The annual dissolved infFhe objectives of our study were: (1) to determine the distri-
organic nitrogen (DIN) concentrations and fluxes from the bution of N;O along the Changjiang Estuary; (2) to estimate
Changjiang show a stable to slowly increasing trend from thethe N,O emission into the atmosphere; (3) to evaluate the
1950s to the early 1980s, but then increased abruptly (Liu etontribution of the Changjiang River to,® in the estuary.

al., 2003; Li et al., 2007). For example, the nitrate concen-

tration near the mouth of the Changjiang has increased from

~60 pmol/L in the 1980's te~80 umol/L in 1997 (Liuetal., 2 Methods and materials

2003). The DIN flux from the Changjiang has increased from
(0.3~0.5)x 1P t/yr in 1970-1980 to (1.21.5)x 10° t/yr in

late 1990s (Li et al., 2007; Zhang et al., 2003). The dis- ]
solved organic nitrogen (DON) and particulate nitrogen (PN)Five cruises were conducted on the outer estuary of
concentrations were 224519.6 and 9.1 4.0 umol/L at Da-  changjiang and its adjacent area during 25 April-15 May
tong station in the Changjiang, and DON and PN fluxes were?002 by R/V “Haijian 47", 4-14 November 2002 by R/V
estimated to be 0.4% 10° and 0.16x 10P t/yr during 1998— Science No. 17, during 2-11 June, 19-31 August and 3-13
1999 (Zhang et al., 2003). On a global scale, half of theOctober 2006 by R/V “Beidou”, respectively. The sampling
total nitrogen load received by estuaries has been estimate@cations are shown in Fig. 1. . o

to be removed by denitrification (Nixon et al., 1996). The Water samples were collected using 10L Niskin bottles.
Changijiang Estuary exhibits turbidity maximum at the mouth Subsamples for pO determination were transferred from
(Li and Chen, 1998), which is likely to have a significant im- Niskin bottles into 135mL or 60 mL glass vials using the
pact on nitrification in the turbidity maximum (Law et al., rubber—connec.tlng tube with a glass pipette end. After over-
1992). Considering both nitrification and denitrification can flow of approximately 1.5 to 2 fold of bottle volume, satu-
produce NO, the increasing load of nitrogen (DIN, DON _rated solution of HgQ!was ad@ed tO'InthIt mlcroblgl activ-
and PN) to the Changjiang Estuary may potentially affect theity, then the sample vial was |.mmed|ately sealed with a butyl
cycling of N,O, its subsequent emission to the atmosphererUbber stopper and an aluminum cap to exclude the exces-

and to the open sea as well. However, no data are so far avaifive water and stored in the dark box. All the water sam-
ples were analyzed after returning to the shore laboratory

2.1 Sample collections
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within 60 days of collection. Data of temperature, salinity 2.3 Measurements of sediment-water pD fluxes

and dissolved oxygen were obtained from the shipboard CTD
profiles. Sediment-water PO fluxes from the Changjiang Estuary

To quantify the flux of NO input to the sea from the Wwere determined using the closed chamber technique (Barnes
Changjiang, MO concentrations were monitored monthly and Owens, 1998) during April/May 2002. Measurements
at Xuliujing (12 2'E, 31° 46 N, Fig. 1b), the most down- were conducted immediately after core collection. After re-
stream main channel station, from June 2007 to May 2008moving the overlying waters carefully without disturbing the
Xuliujing is influenced by tide but the salinity is 0 all year biological activity, filtered bottom waters were added care-
around and the surface water usually contains high level ofully without gas phase left. The top of the tubes was then
dissolved oxygen, ranging from 8.3 to 10.3 mg/L (Fan andsealed with air-tight rubber bungs equipped with two stop-
Xu, 2007). Since it is located at the further upstream sidecocks. An aerated pump was put in half of the water phase to
from limit of salt water intrusion during dry seasons and Stir the water phase. During 2 days incubation experiments,
at the node where the river estuary begins to become widegverlying water samples were carefully taken out at differ-
Xuliujing is suitable for observing the freshwater input to the €nt time intervals through one stopcock fitted in the rubber
sea from the Changjiang. Water samples were collected ugdung for determination of dissolved;0Oand NO changes
ing 10L bucket. Subsamples forn® determination and the in the enclosed water phase. The water overlying the core
treatment of water samples were the same as above. All thwas replenished simultaneously via another stopcock fitted
water samples were analyzed within 2 month after collection With a syringe containing filtered bottom water. No air was

Sediment cores were sampled using a multiple corer (eacHvolved during these processes. After each sampling, two
sediment core 60cm long and 10cm 1.D.) from stationsbottles of filtered bottom water using as replenishment were
DC10 and DB6 (Fig. 1a) in the Changjiang Estuary during collected for determination of thed concentration to cor-
the spring cruise in 2002. After collection, the cores with rect the NO change of the overlying water. The dissolved
20-30 cm of sediments were selected and left undisturbed ifN2O in the overlying water were analyzed using the gas-
the plexiglass tubes with the end sealed with air-tight rubberstripping method described above. The dissolvedwas

bungs in dark before the determination of trace gas release.measured by a DO probe Model 9101Y (Jenco, USA). The
sediment-water pO fluxes were determined from the slope

2.2 Chemical analysis of the NbO increase/decrease in the overlying water versus
incubation time. All incubation experiments were performed

Dissolved MO was measured by gas chromatography usingn duplicate, and the results are reported as the mean values.
a gas-striping method (Zhang et al., 2006). Calibration of

the Electron Capture Detector (ECD) responses were don@.4 Computation of sea-to-air fluxes

by injection of certain volumes of standard gas of 5.60 ppmv

N,O/N, (Research Institute of China National Standard Ma- Sea-to-air NO fluxes ¢ in molm~2d~1) can be estimated
terials) into the stripper filled with blank seawater. ThgON by the following equation

of the blank seawater had previously been stripped out to-

gether with other dissolved gases by ultra-pure Mfter F =K-(Cobs—Ceq) @)

injection, the blank seawater was subsequently analyzed byyheare Cobs is the observed concentration of dissolved

the same procedure used for unknown samples. The methad, . Ceqis the air-equilibrated seawatep® concentration,
detection limit (MDL) for N;O analysis in this study was \hich was calculated for in situ temperatures and salinities
0.1nmol/L (MDL is defined as the 20 concentration in ,5ing the solubility data of Weiss and Price (1980). Atmo-

135mL seawater sample corresponding to two standard despheric MO was not measured during these cruises, and a

viations of seven replicates of the blank), respectively. Theglobal mean atmospheric® mixing ratio of 317.6 ppb for

precisions of repeated analysis of water samples were abonns and 320.3 ppb for 2006 from the NOAA/ESRL halo-
5% for NO in routine sample analysis. _ _ carbons in situ progranhftp://www.esrl.noaa.gov/gnavas
Water samples for determination of nutrients were fil- ;5o for the calculations in this study. k is the transfer veloc-
tered through acid-cleaned acetate cellulose filters (pore S|zert'y of the gas indicated, which is usually expressed as a func-
0.45um). Microbial acti\_/ity in filtrates was inhibited by {ion of the wind speed and the Schmidt Numb®¢( Vari-
HgCl> and then stored in the dark at°@. In the lab- 5 empirical relationships have been derived for estimating
oratory, nutrients were determined photometrically by any - the two most widely used are those of Liss and Merli-
auto-analyzer (Model: Skalar SANS) with precision of 4 (1986) and Wanninkhof (1992), which are often assumed
<5-10%. to define the lower and upper limits for k. However, tidal
currents may also contribute to water turbulence, especially
in inner estuaries with shallow waters and high frictions on
the bottom (Raymond and Cole, 2001; Zappa et al., 2003;
Abril and Borges, 2004). Raymond and Cole (2001) derived
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Table 1. Observed MO, temperature, salinity andyn surface and bottom waters of the Changjiang Estuary and its adjacent area (Numbers
in the parentheses are the saturations in %d@ta for Nov 2002 is not available due to technical troubles).

Surface Surface SurfaceyO Surface NO (nM) Bottom Bottom Bottom @ Bottom N,O (nM)
Date temperature salinity (mg/L) Range Mea®.D. temperature salinity (mg/L) Range Meas.D.
Stations {C) (°C)

25 Apr-3 May 2002 28 17411 28.9+6.6 8.7+0.7 8.17-18.9 11.7£2.15 175£09 31.433 7.8+13 8.49-14.3 12.81.34
(108+6) (103-221) (141 23) (96+ 16) (108-187) (14#£17)

4-11 Nov 2002 30 19416 27.7£53 6.59-16.7 9.0&:2.11 17.5£09 30.1£4.6 5.83-18.2 9.3%:2.13
(84-200) (114 25) (81-220) (12% 26)

2-11 Jun 2006 25 20#42.2 30.6+23 57+0.6 7.48-10.68 9.140.88 18.1+2.3 32.6£16 3.9+1.0 9.28-16.10 11.081.87
(73+7) (110-135) (11%6) (48+11) (110-203) (138 26)

15-31 Aug 2006 30 28809 31.2t22 4.9+0.8 6.04-21.32 10.7484.25 21.4£35 33.2t14 24+1.0 6.67-20.72 9.66:3.13
(724 13) (101-363) (184 71) (32+14) (70-259) (134-44)

3-13 Oct 2006 30 24510 325t15 5.0+06 6.90-13.49  10.1%1.56 22.5:-2.0 33.2:1.3 3.9+0.8 6.75-18.44  11.882.42
(69+9) (106-201) (153 24) (52+£12) (99-245) (162 32)

arelationship (ko= 1.91exp(0.3b10), u10isthe wind speed 3 Results and discussion

at a height of 10 m) based on a compilation of publishgd k

(the transfer velocity for C@at 20°C in freshwater) val- 3.1 Distributions of NoO in the Changjiang Estuary and

ues in various rivers and estuaries and obtained using differ-  its adjacent area

ent methods (floating chamber, natural tracers (CGE&Rn), ) ) )

and added tracer (§B. Their studies suggested that k could N20 concentrations and saturations in the §urfage and bot-
be significantly higher in estuaries than in open oceanic walom waters of the Changjiang Estuary and its adjacent area
ters at the same wind speed. Since no direct measuremen@$/rng five cruises from 2002 to 2006 are shown in Table 1,
of gas transfer velocity were made in the Changjiang Es-and |nd|pat§ great temporal and qutlal variations. Th"e hori-
tuary, the relationships of Liss and Merlivat (1986) (here- Zontal distributions of MO concentrations in the Changjiang
after referred to as LM86), Wanninkhof (1992) (hereafter re- EStuary and its adjacent area are shown in Fig. 2. Gen-
ferred to as W92) and Raymond and Cole (2001) (hereaftefrally high NoO concentrations were observed beyond the
referred to as RCO1) were used to compute k to help comMouth of the Changjiang and Hangzhou Bay, especially in
parisons with published data. The transfer velocity was ad{he bottom waters. YO concentrations showed no signifi-
justed by multiplying with §d600Y " for LM86 (1 = 1/2 for cant correlation with salinity in this study (Fig. 3). Similar
wind speed-3.6 m/s andh = 2/3 for wind speee 3.6 m/s), phenomenon has been observed by Amouroux et al. (2002)
(Sd660)Y/2 for W92, and 6¢600) /2 for RCO1, wheresc N the surface water of the north-west Black sea shelf and

is the Schmidt number for 30 and was calculated according PY Bange et al. (1998) in the estuarine and coastal waters
to the equation by Wanninkhof (1992). of sout.hern Baltic Sea. Howeverp,® concentrations in thg
The major uncertainty in the assessment of sea-to-air ga_g‘,hgngjlang estuary were found to correlate well with salin-
fluxes is related to the estimation of the gas transfer velocity in September 2003 ([pD]= —Q.875+38.2,r2:O.79,
ity, which depends on the type of wind data used. In this”? =25, Zhang et al., 2008). This may because that only
work, we computed the gas transfer velocity using averagediigh salinity area was covered in this study angiNdata
monthly wind speeds obtained from the monitoring resultsWere scattered due to ventilation to the atmosphere and the
beyond the Changjiang Estuary in 1977-1986, which wadnfluence of internal (!.e. nitrification gnd demtnﬂc_ayon) anq
6.7 m/s for May, 6.8 m/s for June, 7.6 m/s for August, 7.2 m/s€xternal processes (i.e. freshwater input and mixing of dif-
for October and 7.6 m/s for November (cf. Xu, 1992). Since férent water masses). For example, the water discharge of
during the May 2002 and October 2006 cruises, wind speed§hangjiang in August 2006 (27 600fs) and October 2006
were continuously recorded shipboard using an automate§l4 800 n¥/s) is 38% and 55% lower than the long-term
weather station (Campbell Scientifics, UK), the gas transfefnonthly average water discharge of 44570 and 35 556 m
velocities and sea-to-air fluxes were also estimated using shi#f’r August and October. Hence the influence of N-rich
based in situ wind speeds to help comparisons. reshwater was rather limited in this study. The distribu-
tion of N2O in the Changjiang estuary was also influenced
by oxygen levels. It can be seen from Table 1 that during
the 3 cruises in 2006, oxygen deficiency occurred to dif-
ferent extent in the bottom waters of Changjiang Estuary.
The apparent BD production AN2O) correlated well with
apparent oxygen utilization (AOU) in the cruises of June
and October 2006 (Fig. 4), but no obvious correlation was
observed for the cruise in August, suggesting the influence

Biogeosciences, 7, 3508516 2010 www.biogeosciences.net/7/3505/2010/
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Table 2. Summary of NO measurements in various estuaries in the literatures.

Study Area Stations Date Surp, (nM) Sur.R, (%) Salinity Flux Ref.
(umotm=2.d-1)
Danube River plume 25 Jul-Aug 1995 (8Q.0) (112) 8.5-18.5 1%; (Z.Sb) Amouroux et al. (2002)
Rhone River plume 9 Jun 1998 16.76-41.04 Marty et al. (2001)
Tamar estuary B Aug 1988 9-3¢° 0-3¢° (12) Law et al. (1992)
2o Oct 1988 924 0-3¢° (11)
2X Mar 1989 15-2% 0-2¢ (11)
2 Jun 1990 10-18 0-3¢° (8.4)
Humber estuary 11¢ Mar-Dec 1996 100-4250 (452) 0-30 Barnes and Owens (1998)
Tweed estuary Sep 96-Mar 97 96-110(100.4)
Gironde estuary 9 Nov 1991 (14.3) 106-165 (132) 5-34 Bange et al. (1996)
Loire estuary 13 Jun 1997 9.8-36.7 0-30 De Bie et al. (2002)
Sep 1998 7.3-21 0-32 De Bie et al. (2002)
Schelde estuary 15 Oct 1978 10-250 120-3000(1560) 0-30 de Wilde and de Bie (2000)
35° Oct 1993 10-338 2-30
2 Mar 1994 75-150 2-10
Jul 1996 50-300 2-22
Schelde estuary 10 May 97—-Apr 98 8.7-1457 (710) 0-25 de Bie et al. (2002)
Thames estuary 15 Feb 1998 11.2-93 93-681 (321) 0-33
Colne estuary Aug, Nov 2001; Feb, (197.3+ 24.9) (993t 120) (266+243) Dong et al. (2004)
May 2002
Orwell estuary Aug, Nov 2001, Feb, (46.3+3.9) (282+ 26) Dong et al. (2004)
May 2002
Colne estuary May 2002 467.5 2187 685.5 Robinson et al. (1998)
Seine River estuary Summer 39-98 Garnier et al. (2007)
Changjiang estuary 3 Sep 2003 (31:44.56) (455+ 56) 0.6-13.5 (8358 Zhang et al., 2008
(141+56)°
Changjiang estuary ~ 3-16 2002-2006 (16£21L75) (137+20) 14-30 (6.8:3.77 This study
(13.3£7.2P
Pearl River estuary 14 Sep 2003 20.4-48.6 0-5 Chen et al. (2008)
Temmesjoki estuary 3 Summer 2004 7.3-15 136 5-7 Silvennoinen et al. (2008)

a K, was estimated by the LM86 equatichK, was estimated by the W92 equatidhThe values were estimated according to the figures in the reference. Numbers in the
parentheses are the average value.

of oxygen is more complicated than expected. The distribu-published NO data in Table 2 covered the full salinity range
tion of N2O in the Changjiang estuary was also influencedof 0-30 while NO data in this study were mainly from the
by other environmental factors. For example;QNcon-  high salinity area (salinity of 20-30) of the Changjiang Es-
centrations correlated with nitrate (8] =0.21[NG; ] + 8.6, tuary. High NO were usually observed at the inner estu-
n =120, r?=0.35) and temperature (f0]=0.65t+26.6, aries, especially at the low salinity in the vicinity of turbid-
n=120,r2=0.24) in June 2006. pD concentrations in bot- ity maximum zone (TMZ) (Barnes and Owens, 1999; Law
tom waters correlated well with suspended particulate matet al., 1992; Abril et al., 2000). Turbidity maximum ex-
ter (SPM) ([INNO]=0.01 SPM+8.0,1 = 30, 2 =0.49) in isted all year round in the river mouth of the Changjiang (Li
November 2002. All these results suggest thaONlistri- ~ and Chen, 1998). However, given that the sampled salin-
bution in the Changjiang Estuary was influenced by mul-ity range was mainly limited to high salinity and the TMZ
tiple factors. The influence of these factors is not inclu- was not covered during all surveys, observegDNconcen-
sive but additive and the key factor varied between differenttrations in this study only represent the low® levels in
cruises depending on environmental conditions. But the regthe outer Changjiang Estuary. For example, high concentra-
ulation mechanism of these factors are far beyond discussiotions of N;O, ranging from 26.04 to 37.20 nM with an aver-
in this study due to limited data. Hence more research on th@ge of 31.44t 4.56 nM, were found at the low salinity area
Changjiang Estuary at different temperal and spatial scales i¢salinity of 0.6—-13.5) near the mouth of the Changjiang es-
needed to characterize the distribution gfiONand the con-  tuary in September 2003 (Zhang et al., 2008). The observed
trolling factors. More direct examination of nitrogen cycling N20 concentrations in the outer Changjiang Estuary in this
processes (e.g., nitrification and denitrification rates) withinstudy were comparable to those reported for the Danube river
the water and sediment system is needed to fully understanglumes (Amouroux et al., 2002), but lower than those for the
the biogeochemical cycles obR. Rhone River plume (Marty et al., 2001). On the other hand,
N2O can be produced via both nitrification and denitrifica-
Table 2 shows previously published data ofONin other tion in rivers and estuaries, which was related to external in-
estuaries, which indicates thap® concentrations vary over puts of nitrogen to these systems. Concentrations and emis-
a wide range of 2-1457 nM at various temporal and spatiakions of NO in estuaries are generally found to be related
scales. MO in the outer estuary of Changjiang and its ad- to the estuarine dissolved inorganic nitrogen (DIN) levels
jacent marine area falls within this range but toward the low(Seitzinger and Kroeze, 1998; Dong et al., 2004). Mean
end. This may be partly due to the fact that most previously

www.biogeosciences.net/7/3505/2010/ Biogeosciences, 7, 35062010



3510 G.-L. Zhang et al.: Nitrous oxide in the Changjiang (Yangtze River) Estuary

Table 3. Compilation of dissolved DO in various rivers (numbers in the parentheses are the averaged value).

Rivers Description NO (nM) N2O (%) Ref.
Alsea River Oct 1979 8.2-15.6 94-166 De Angelis and Gordon (1985)
South Platte river ~ Jan/Feb 2000 18-527 (59) 2500 Dennehy and McMahon (2000)
Arkansas River Jan/Feb 2000 3.3-5.9(3.6)
Potomac River Jul/Sep, 1977 7-350 100-5000 McElroy et al. (1978)
Hudson River 1998-1999, (H98) 125-385 (185+ 43) Cole and Caraco (2001)
monthly measurement
English rivers Dong et al. (2004)
Colne Aug 2001-May 2002  (4425.0) (272.5£32.1)
Ouse Aug 2001-May 2002  (39422.9) (217.9£16.5)
Trent Aug 2001-May 2002  (4323.5) (228.4-18.3)
Stour Aug 2001-May 2002  (53:04.5) (297.4£25.7)
Orwell Aug 2001-May 2002  (6015.4) (389.1£31.7)
Amazon River Mainstem (13#42.5) Richey et al. (1988)
Millstone River Mar—May 2002 11.45-13.30 104-123 Laursen and Seitzinger (2004)
Iroquois River Apr—Jun 2002 13.65-27.67  134-209
Changjiang Aug 2002 9.021.03 Yan et al. (2004)
Oct 2002 13.3%8.71
Jan 2008 22.635 168+ 27 Zhao et al. (2009)
Jun 2007-May 2008 19473 213+ 97 This study
Pearl River Sep 2003 20-40 Chen et al. (2008)
Apr 2004 62-323 (143) 720-4080 (1730) Xu et al. (2005)
River Temmesjoki 2003-2004 6.7-53 (19) Silvennoinen et al. (2008)

DIN concentrations in the Changjiang estuary in this studysuggest that the highJ®O concentrations in winter may be
were 12.5-5.8, 12.6+ 8.6 and 15.6- 8.0 uM for June, Au-  partly due to higher BO solubility at lower temperatures.
gust and October 2006, respectively. Although the correla-The DIN at surface waters of Xuliujing ranged from 101.6
tion between MO concentrations and DIN was not obvious to 156.1 pM with an average of 13Gt717.9 uM, among

at most cruises, PO and DIN data in the Changjiang Es- which nitrate is the dominate species with an average of
tuary fit well in the plot of estuarine D versus DIN ona  122.1+17.1 uM and contribute 75%-99% to DIN® con-
global scale (Fig. 5), suggesting that the lowNobserved  centrations correlate positively with DIN (BD]= 0.23DIN-

in this study is consistent with the low DIN levels. In any 10.6,72=0.32,n = 12). Table 3 compiled previously pub-
way, this study highlights the importance of studies on thelished NbO concentrations and saturations in various world
N2O variability of more representative estuaries in the futurerivers. It can be seen that)® concentrations in river wa-
research to estimate accurately the contribution of estuarieters show great spatial and temporal variations with the range

to atmospheric MO. from 3.3 to 527 nM. NO concentrations in the surface wa-
o ters of the Changjiang in this study fall within the reported
3.2 Riverine input of N2O N,O ranges in the worldwide rivers.J in the river waters

) o i may come from in situ production by nitrification or denitri-
Figure 6 shows the seasonal variation of dissoVe®ON  eaiion (van et al., 2004), production and emission by the
observed at Station Xuliujing during the period of 2007— ¢oyiment (Gafa-Ruiz et al., 1999), runoff and ground wa-
2008, which ranged from 12.4 to 33.3nM with an aver- o from agricultural soils (McMahon and Dennehy, 1999).
age of 19.4:7.3nM. N;O concentrations in the river wa- g4, example, Yan et al. (2004) reported aQN produc-
ters showed obvious seasonal variations with higher valyio, rate of 1.30-0.85 and 346 261 nmol N nt2 h-1 by

ues occurring in both the summer and winter. The 10-yanirification in the Changjiang for August and October
tal suspended matter in surface waters ranged from 12.4 tg- respectively. They also observedONconcentra-

143.2mg/L with an average of 3%4534.4mg/L. The ob-  {jons of 9.02+ 1.03 nM in August 2002 and 13.398.71 nM
served temperature ranged from 5.0 to 3@Owith an av- i, October 2002 at station Datong (Yan et al., 2004).
erage of 19.48.5°C. NoO concentrations correlate nega- A survey of the mainstream of Changjiang in Jan-

tively with the in situ temperature (f0]=—~0.48t+27.2, 5y 2008 showed that 4D concentrations from station

r _0“_15' n =11, July 2007 IS not mclud_ed) W_h'led@ Yichang to Xuliujing ranged from 16.6 to 30.7 nM with
saturations showed weak positive correlation with the tem-_ average of 2283.5nM (Zhao et al., 2009). Our

perature (NO(%)=5.3t+ 1095, > =0.21,n =12). This
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Fig. 3. Surface NO concentrations versus salinity in the
Changjiang Estuary.

results are comparable to these previuosly published data for
Changjiang.

Since no regular monitoring of flow rates were made at
Station Xuliujing, flow rates at Station Datong (about 600 km
upstream from Xuliujing) were usually used to represent the
water discharge to the sea from the Changjiang. We estimate
the annual average input ob® from the Changjiang to the
estuary by multiplying the monthly river waterp® concen-
tration by the monthly flow rate, which yields a® flux
of 0.5 mol/s equal to 15.Q 10° mol/yr for the annual input.
N2O input via Changjiang contributes about 7% to thegON
emission from the estuary (see below), and is a minor source
for dissolved NO in the Changjiang Estuary.

3.3 Sediment-water NO fluxes

In estuarine and coastal regions, the sediments are likely to
be important sources of /D emitted to the water column
since they are active sites for both nitrification and denitrifi-
cation (Capone, 1991; Barnes and Owens, 1998; Robinson
etal., 1998; Usui et al., 2001). A review by Capone suggests
the fluxes from the sediments (predominantly in coastal ar-
eas) could account for over 40% of the net oceani©Igro-
duction (Capone, 1991). High nutrient loading from terres-
trial environments together with a close benthic and pelagic
coupling due to shallow water depth stimulates microbial
processes including 40 production (Seitzinger and Nixon,
1985; Middelburg et al., 1995; Bange et al., 1996; Seitzinger
and Kroeze, 1998). Since the Changjiang estuary contains
large amount of dissolved nitrogen species, one would ex-
pect high production and release of®lfrom the sediments.
Incubation experiments at stations DC10 (Clay, depth
10m) and DB6 (Silt, depth 23m) in May 2002 showed
different results. Obvious accumulation ob® together
with the decrease of £3n the overlying water was observed

Biogeosciences, 7, 35062010
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o
8 - © ® o to be 66.8 mmolm2d—1 and—1.88 pmol m2d-1, respec-
% B tively, for station DC10. Incubation experiments of nutrient
g Q exchange between sediment-water interface under oxic envi-
S oL y0-038x+1.12 ronments showed that both nitrate and Nitas transferred
Z 4 o 12=0.27, n=114 . . .
< o ~.©° from the water column to sediment (Qi et al., 2003). Since
L © A © the bottom water of station DC10 is characterized of low dis-
8@ o solved oxygen (4.41 mg/L) and the sediment is clay,i®©
0 &0 not easily transferred to the sediment. These suggest that
| | | | | | | | N2O can be produced via both nitrification and denitrifica-
0 40 80 120 160 200 tion in the s_edment at station Dplo, but the occurrence .of
AOU (uM) N2O reduction simultaneously with the production by deni-
trification induced net consumption ob® in the sediment.
Fig. 4. Relationship between the apparentN produc-  Lietal. (2009) reported that the sediment denitrification rates

ranged from 101.3 to 731.9 umob® m~2h~1 in June 2006
in the Changjiang Estuary.

Previous studies showed that benthigONfluxes from

sediments showed highly temporal and spatial varia-
during sediment incubation at station DB6 (Fig. 7). Sed-tions (-5 to 600pmolNOm2d~1: Kieskamp et al.,
iment oxygen consumption rates andQ\ effluxes from  1991; Barnes and Owens, 1998; Usui et al., 1998;
the sediments were calculated to be 32.9 mmoidn! and Laursen and Seitzinger, 2002). BenthicoON fluxes
2.02 umol m2d~1, respectively. Incubation experiments of obtained in this study fell within the general range,
nutrient exchange between sediment-water interface undesind were consistent with those reported for Mid-Atlantic
oxic environments showed that nitrate was transferred frombight (—1.82~2.03 umol MO m~2 d~1), which also showed
the sediment to water column, while IjHNas transferred  highly variable in both magnitude and direction of®Iflux
from the water column to sediment at station DB6 (Qi et al., (Laursen and Seitzinger, 2002). However, our results were
2003). Since the dissolved oxygen in bottom water of stationlower than those reported by Wang et al. (2007) for the inter-
DB6 is highly saturated (104%, 9.54 mg/L) and the sedimenttidal sediments of the Changjiang Estuary in summer (1.2—
type is silt, high availabilities of @and Nl-ﬁr provide favor- 102 pmolNOm—2d-1). High N,O emission rates from
able conditions for the occurrence of nitrification in the sedi- the interdidal sediments may be resulted from the increase
ments. Hence BD may be produced mainly via nitrification supplies of nutrients due to bioturbation and bio-irrigation
in the surface sediments at station DB6 and then released tBarnes and Owens, 1998). Usui et al. (1998) calculated
the water column together with the produced nitrate. Duringthe NbO fluxes from the sediments to range fron®.516
the 4h incubation at station DC10 both® and Q in the to —0.156 pmol NO m~2d-1 at the continental shelf and
overlying water decreased. Sediment oxygen consumptiofirom —0.264 to 0.444 pmol B0 m—2d~1 at the slope region
rates and MO effluxes from the sediments were calculated of the East China Sea, the magnitude is lower than benthic

tion (AN,O) and apparent oxygen utilization (AOU) in the
Changjiang Estuary.
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fluxes of NO in the Changjiang Estuary and suggests that 4o 50000

the Changjiang Estuary can act as a stronggd Nource or A [ 1:120 1
sink than the East China Sea. In summary, this study sug- . /N ° owe
gests that sediment can act as either a source or a sink o j
N2O in the water column in the Changjiang Estuary. 30 40000

3.4 Sea-to-air fluxes of NO
N»O saturations in the surface waters of the Changjiang Es-zs 20 1
tuary and its adjacent area ranged from 84% to 363% during%
the five surveys in this study (Table 1), which showed that the
surface waters of studied regions were generally supersatu
rated with respect to the atmospherigdconcentrations all 10 |
year around except a few stations during November 2002.
Hence the Changjiang Estuaries and its adjacent areas repre
sent a net source ofJD to the atmosphere.

For each station we calculated sea-to-ai#ONlux based 0
on the actual saturation value and the long-term averagec Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May
wind speed and the results are summarized in Table 4. From Month

Table 4, it can be seen that the greatest uncertainty for th%i - , -

. . . . . g. 6. Monthly variation of N O concentrations at Xuliujing and
sea-to-air NO flux e§t'|mat|on' camg from the gstlmgtlon ,Of flow rates at Station Datong in the Changjiang from June 2007 to
gas exchange velocities. Using different relationships y|eIdMay 2008.
significantly different transfer velocities under the same wind
speed. Generally using LM86 relationship yields a lower
value, and using W92 and RCOL1 relationships lead to rela-
tively higher N O flux estimates than using LM86 by a mean
factor of about 1.9 and 2.2, respectively. Another impor- 20 7
tant uncertainty in the assessment of the gas transfer velocity
and sea-to-air gas fluxes is related to the type of wind data_§ 15
used. Morell et al. (2001) found that fluxes computed us- §
ing climatological wind speed data often exceed those using £
ship-based wind speed measurements by over 50%. In thisS
work, we computed the gas transfer velocities for May 2002
and October 2006 using both ship-based in situ wind speed
and long-term averaged wind speed. The long-term aver-
aged wind speeds in the studied regions were higher than the 0 - \ \ . \ 1
mean ship-based in situ wind speeds by 10-130%, hence thi 0 20 _ 40 60
obtained NO fluxes estimated using long-term wind speed Time (b)
were higher than those using in situ wind speed by 20-280%; 7 . (1 M) and DO (mgiL) with time during sediment incu-
The discrepancy between all these sets of flux values SU%5ation at Station DB6.
gests that we should pay much attention to the uncertainty in-
volved by using different sea-air exchange models and wind
speed data when making comparisons with published dataary (Law et al., 1992), but are much lower than the flux of
In this paper only sea-to-aird® fluxes estimated using long- 43 200 umol m?2d-1 reported for Humber estuary (Barnes
term wind speed will be discussed below, hence our resultand Owens, 1998) and 265t6280.4 umol nT2d~1for
are probably overestimated to some extent. Colne estuary (Dong et al., 2004). However, since this

The sea-to-air BO fluxes from the Changjiang Estuary study didn't cover the inner estuary and the TMZ of the
and its adjacent marine area indicated obvious variationChangjiang, which is expected to contain high levels gON
with higher values occurring in summer cruise and lower flux data in this study may be underestimated to some extent.
values in spring and autumn cruises (Table 4). The av- The studied area was divided into two areas (i.e. es-
erage annual PO flux from the Changjiang Estuary and tuary and marine area) according to the salinity of 30.
its adjacent marine area was #b.5, 15.1+-10.8 and The Changjiang Estuary was mainly limited to 122-1E23
17.0+12.6 pmol nt? d~—* using LM86, W92 and RCO1 re- and 29-32N and estimated to be-3.4x 10°km?, and
lationship, respectively. These results are comparable tits adjacent marine area was limited to the rest area
the flux of 8.4-12 umolm?d~1 reported for Tamar estu- between 122-12% and 28-34N and estimated to be

30000

Flow rate (m%/s)

20000

10000

o

N,O (nM)
DO (mg/L)

L4

[N,0]=0.17t+12.8
1°=0.99

10 <
[DOJ=-0.15t+8.9
1°=0.96
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Table 4. Sea-to-air MO fluxes from the Changjiang Estuary and its adjacent marine area (LM86: K was calculated using the tri-linear
kiuqg relationship established by Liss and Merlivat (1986); W92: K was calculated using the quadragicedationship established by
Wanninkhof (1992); RCO1: K was calculated using the;lg/relationship established by Raymond and Cole (2001).

Seasons n Surface NO Surface NO AC U1o F (LM86) F (W92) F (RCO1) Mean Flux
(nM) (%) (nM) (m/s) (umolmr2d-1) (umolmr2d-1) (umolm2d-1) (umolm2d-—1)

May 2002 24 11.7%2.15 141423 3.45+1.96 6.7 6.8:3.8 13.2£7.4 14.3£8.1 11.4+4.1
(5.1+2.0p 4.0+4.5 72471 11.2+12.4

Nov 2002 27 9.0&-2.11 114+ 25 1.11:+2.03 7.6 2.9:5.2 5.8+10.2 6.7+11.8 5.1+2.0

Jun 2006 25 9.180.88 119+6 1.45+0.49 6.8 3.11.0 6.1+£2.0 6.6+2.1 5.3+1.9

Aug 2006 30 10.7&4.25 184+ 71 4.93+4.22 7.6 16.3-13.8 32.0£27.1 37.0£31.3 28.4+10.7

Oct 2006 29 10.1%1.56 153+ 24 3.514+1.59 7.2 9.4:4.3 18.4£8.3 20.6£9.3 16.1+£5.9
(5.9+2.7p 72472 12.9+12.2 20.7:225

Annual mean 10.151.17 142+ 28 2.89+1.59 7.2£0.4 7.7+£55 15.1+10.8 17.0£12.6 13.3:4.9

& Numbers in the parentheses are the ship-based in situ wind speeds

~16.9x 10*km?. According to the area of Changjiang 4 Conclusions
Estuary and the annual mean atmosphers®©Nlux esti-
mated by RCO1 equation which provide reasonable fluxedDissolved NO concentrations in the outer estuary of
for estuaries, the annuab® emission from the Changjiang Changjiang showed great temporal and spatial variations.
Estuary was estimated to be ZN10®molyr—! (equal to  They fall within but toward the lower end of the;® range
5.8 GgNyr1). According to the area of the adjacent marine in the worldwide estuaries, and are consistent with the low
area and the annual mean atmosphep©flux estimated by ~ DIN levels. Distribution of NO in the Changjiang Estuary
W92 equation, the annualX emission from the adjacent was influenced by multiple factors and the key factor varied
marine area was estimated to be 9.30° molyr~! (equal  between cruises.
to 25.8GgNyrl). N,O emission from the Changjiang N2O concentrations in the surface waters of Changjiang
Estuary accounted for about 0.17% of the total N loadshowed obvious seasonal variations with higher values oc-
(1.85x 10°t/yr, Zhang et al., 2003) and 0.25% of the DIN curring in both summer and winter. Annual input of®
load (1.22x 1CPt/yr, Zhang et al., 2003) to the estuary via from the Changjiang to the estuary was estimated to be
Changjiang. Considering the inner estuary and the TMZ15.0x 10° mol/yr. Sediment can act as either a source or
were not covered in this study, the actual values should be sink of NoO in the water column of the Changjiang Estu-
slightly higher. Hence our result is comparable to the con-ary. Changjiang Estuary and its adjacent area act as a sig-
version ratio 0f~0.26% from TN estimated by Robinson et nificant source of atmospherico®. Annual NO emissions
al. (1998) for the Colne estuary and 0.3% from DIN input from the estuary and its adjacent marine area were estimated
employed in the global scale models for estuaries (Seitzingeto be 2.1x 10% and 9.3x 108 molyr—1, respectively. Due to
and Kroeze, 1998). »D emission from the Changjiang the great spatial variation of /D fluxes from different es-
Estuary and its adjacent marine area (31.6 GgNywas tuaries, more studies on the major estuarine systems in the
lower than those from the paddy fields in the Changjiangworld are required to estimate the estuaringONemissions
river basin, but they were of the same order of magnitudeaccurately on a global scale.
For example, based on the annugiNemission from the Since external source (i.e. riverine input) only acts as a mi-
paddy fields in the Changjiang basin (3.98 Kg N‘haand nor source of NO in the Changjiang estuary, in situ produc-
the paddy field area of 164 10° ha (including the Chengdu  tion of N,O in both water column and sediment via nitrifica-
Plain, the middle and lower reaches of Yangtze river, thetion and denitrification is expected to contribute dominantly
Dongting, Poyang and Taihu Lake plains)@ emission  to the atmospheric O emission from Changjiang estuary.
from the paddy fields in the main region of the Changjiang More measurements o emission rates from sediments
basin was estimated to be 65 Gg N'¥y1(Xing, 1998). Hence  and in situ production rates ofJ® in the water column (es-
estuaries (i.e. the Changjiang Estuary), like agricultural land pecially in the estuarine mixing zone and the turbidity maxi-
can act as a significant source of atmosphers©NSince  mum zone) at different seasons are required to close #tie N
N2O fluxes may vary greatly in different estuarine systems,budget of Changjiang Estuary.
more observations at major estuarine systems in the world
should be done to understand the estuarig® lmissions  AcknowledgementsThe authors wish to thank the crew of the
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