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Abstract. Atmospheric deposition of nutrients (N and better understanding of the energy flow in the coastal zone
P species) can intensify anthropogenic eutrophication ofsystem, exploring various possible scenarios concerning the
coastal waters. It was found that the atmospheric wet anétmospheric deposition of nutrients onto the coastal zone and
dry depositions of nutrients was remarkable in the South-studying their impacts on water quality.

east Asian region during the course of smoke haze events, as
discussed in a companion paper on field observations (Sun-
darambal et al., 2010b). The importance of atmospheric de—1 Introduction
position of nutrients in terms of their biological responses in

;huiiﬁoisggl V;gtirisn?feltzgoiTog?gﬁrﬁefzegg); Zvaihlg\ils;ﬂgﬁéefjncreasing population, industrialization and agricultural ac-
9 y day y days. Sivities lead to an excessive supply of a wide variety of inor-

of atmospherically_—de_rived, bio-available nutrients _(both in- anic and organic nitrogen (N) and phosphorous (P) species
organic and organic nitrogen and phosphorus species) on thto both the pelagic and coastal oceans through atmospheric

coastal water quality between hazy and non-hazy days Waaeposition (AD) (Duce et al., 1991; Spokes et al., 1993; Cor-
studied. A numerical modeling approach was employed to N ' ’ ;

rovid litative and ntitative understanding of the r I_nell et al., 1995; Prospero et al., 1996; Herut et al., 1999,
provide quaitative and quanitative understanding o1 e r€544- paerl et al., 2000; De Leeuw et al., 2003; Mahowald
ative importance of atmospheric and ocean nutrient fluxes

in this region. A 3-D eutrophication model, NEUTRO, was et al,, 2005, 2008). Sources of "new nutr|ents in the open

. . . " ocean are deep waters transported up into the euphotic zone
used with enhanced features to simulate the spatial distribuz = .. . . o
. o : ._ by diffusive and advective processes, atmospheric inputs, and
tion and temporal variations of nutrients, plankton and dis-

' : . in the case of nitrogen, in situ fixation by marine organisms.
solved oxygen due to atmospheric nutrient loadings. The . . L .
ercentage increase of the concentration of coastal water mf-‘D being an important source of limiting nutrients could
P ge . . ... _cause substantial increases in eutrophication of coastal re-
trients relative to the baseline due to atmospheric deposition .

was estimated between hazy and non-hazy days. Model COmg_lons, and modest productivity increases and food web alter-

putations showed that atmospheric deposition fluxes of nufatIon in oligotrophic pelagic regions (Jickells, 1995; Paerl,

trients might account for up to 17 to 88% and 4 to 24% of 1995’ 1997; Markaki et al., 2003).' B|oma_ss burnmg being
o : . . an important source of atmospherically-derived nutrients can
total mass of nitrite + nitrate-nitrogen in the water column,

during hazy days and non-hazy days, respectively. The reIead to excess nutrient enrichment problems (eutrophication)

. ) (as discussed in the companion paper, Sundarambal et al.,
sults obtained from the modeling study could be used for a(2010). The regional smoEe hazep rgsulting from the forest

and peat fires in Southeast Asia (SEA), especially in Indone-
sia, has received considerable concern because of its impact

Correspondence tdR. Balasubramanian  on regional biogeochemistry (Brauer and Hisham-Hashim,
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2000; Balasubramanian et al., 2001). The regional smokeoncentrations in coastal waters of Singapore were found to
haze events in SEA are amplified during the Southwest Monvary in space and time, and fluctuations of nutrients con-
soon (SWM) period oEl-Nifio years, because of increased centration were observed depending on the monsoons and
fires, and prevailing wind conditions and dryer weather (An- various sources of pollution in the region (Gin et al., 2000,
drea, 1990; Wong et al., 2004). The burning activities usually2006). In general, waters in the Johor Strait are more eu-
begin in July/August and cease by October/November wherrophic than the Singapore Strait consistent with the higher
the gradually interspersing northern monsoon brings abunnutrient concentrations measured in the Johor Strait. This eu-
dant rainfall. trophication problem could be due to variable anthropogenic
Most of the local knowledge regarding tranboundary air inputs, coupled with suitable tidal conditions (e.g. neap low
pollution in SEA, caused by forest fires (biomass burning)tides generally resulted in higher levels of chlorophyll) (Gin
and land (peat) fires, originated from earlier studies con-et al., 2000, 2006). No studies have investigated the re-
ducted elsewhere, at various parts of the world (e.g., Thesponses of marine ecosystems to atmospheric deposition of
United States, Australia, Brazil, Mexico, Africa) (Crutzen nutrients due to episodic smoke haze events in SEA. Itis crit-
et al.,, 1979, 1985; Andreae et al., 1988; Crutzen and An-cally important to assess the fate of the airborne admixtures
dreae, 1990; Lobert et al., 1990; Qadri, 2001; Mahowald etdeposited onto the water surface in order to understand the
al., 2005; In et al., 2007). These studies quantified the fluxpossible link between atmospheric nutrients deposition and
of various trace gases such as £ @H;, NOx, NH3 and marine phytoplankton blooms. The concentrations of nutri-
aerosols from biomass burning to the atmosphere. Biomassnts in atmospheric samples during hazy and non-hazy days
burning has been reported to be a major source of reactivare elaborated in the companion paper of field observations
nitrogen and phosphorous (Kuhlbusch et al., 1991; VitousekSundarambal et al., 2010b).
et al., 1997; Kondo et al.,, 2004; Mahowald et al., 2005; Water quality impact assessment of pollution sources
Baker et al., 2006; UNEP and WHRC, 2007; Sundaram-(point and distributed) onto the aquatic ecosystem can be
bal et al., 2010b). Crutzen and Andreae (1990) reportedbbtained using numerical models. The model provides a
that biomass burning emission can contribute 6 to 20% Nconvenient tool for testing hypotheses about the processes,
when compared to terrestrial N fixation rate. Mahowald etotherwise not fully understood from direct measurements.
al. (2008) and Vitousek et al. (1997) reported the differentin order to examine the quantitative response of the pelagic
forms of P and N species emitted from various atmospheriglankton to atmospheric N and P deposition events and pos-
sources, respectively. A significant fraction of the N and sible links between them, a numerical modeling study can be
P species entering coastal and estuarine ecosystems alonged (Sundarambal et al., 2006, 2009, 2010a). The motiva-
the Singapore and surrounding countries arises from atmation for applying this numerical modeling approach is to ex-
spheric deposition; however, the exact role of atmospheriplore and quantify water quality variability due to the trans-
cally derived nutrients during episodic regional smoke hazefer of atmospherically-derived nutrients onto coastal water
events in the decline of the health of coastal, estuarine, oceamnd to predict the resultant nutrient and phytoplankton dy-
and inland waters in SEA is still uncertain (Sundarambal etnamics in this region. The direct measurement of energy
al., 2006, 2009, 2010b; Sundarambal, 2009). The increaseflow in the system of atmosphere-coastal zone is so com-
levels of particulates and nutrients in atmospheric sampleglicated that even assessment of percentage contribution of
during biomass burning in SEA were demonstrated by theatmospheric nutrients relative to fluxes through “open” hor-
use of backward air trajectories coupled with satellite imageszontal boundaries of water column could be highly ben-
of point biomass burning sources (Koe et al., 2001; Sun-eficial for the source characterization/apportionment in the
darambal et al., 2010b), the chemical characteristics (suclstudied domain. Besides the advection—diffusion transport,
as non-sea salt, non-soil' of aerosols (See et al., 2006), a series of terms for the biochemical interactions between
and FLAMBE and NAAPS models (Hyer et al., 2010). The non-conservative quantities should be considered. The im-
results of these studies are important in assessing the envpacts of atmospheric N and P species deposition fluxes on
ronmental impacts of the resulting AD nutrient pollution. the Singapore coastal water quality were studied comprehen-
SEA coastal waters receive a large nutrient supply ofsively for the first time using a 3-D numerical eutrophica-
which a substantial portion is of anthropogenic origin (Chou, tion model “NEUTRO” (Tkalich and Sundarambal, 2003).
1994; UNEP, 2000). Occurrence of algal blooms, harmfulNEUTRO is a dynamic biochemical model that takes into
types in particular, are steadily increasing in coastal waters otonsideration time-variable chemical transport and fate of
SEA (Pearl, 1988; Azanza, 1998; Smetacek et al., 1991; Watnutrients, and plankton, carbonaceous biochemical oxygen
son et al., 1998; Azanza and Taylor, 2001; Selman, 2008)demand (CBOD) and dissolved oxygen (DO) in the water
Accelerated eutrophication and its subsequent effects such amlumn due to nutrient loadings from point and distributed
nuisance algal blooms and reduced oxygen levels pose sigsources. The original NEUTRO model, used in our earlier
nificant problems for coastal waters and aquatic ecosystemstudies (Tkalich and Sundarambal, 2003; Sundarambal and
in SEA (Nixon, 1995; Azanza and Taylor, 2001; Selman, Tkalich, 2005), did not have a module to address the nu-
2008). The nutrients, dissolved oxygen and phytoplanktortrients loading from atmospheric deposition. In this study,
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the capability of the NEUTRO model is enhanced with fea- pore are bound by the Johor Strait in the North and the Sin-
tures to predict the fate of nutrients deposited from atmo-gapore Strait in the South. The Singapore Strait is a shallow
spheric deposition by assessing the resulting water qualityand narrow water body connected to the South China Sea and
changes during hazy and non-hazy days in Singapore waPacific Ocean to the east and the Indian Ocean via the Strait
ters. In this study, wet-only atmospheric deposition (rain-of Malacca to the west and it is one of the world’s busiest
fall) of nutrients was modeled, as it was clearly observed thasea lanes, connecting trade routes from Asia to Africa and
the wet atmospheric deposition is more dominant than théo Europe. The sea bed topography of the Singapore Strait
dry atmospheric deposition (Sundarambal et al., 2009, 2010ks complicated, ranging from 30 m to the maximum depth of
(the companion paper)). The details of model simulations120 m (Chan et al., 2006).
pertaining to dry deposition alone and the total atmospheric The hydrodynamic and water quality processes in Sin-
(dry +wet) deposition and their influence on water quality gapore coastal zone are discussed in detail by Chan et
will be presented elsewhere with a more extensive databaseal. (2006), Gin et al. (2006), Sundarambal et al. (2008),
The present study aims at estimating the relative contri-Sundarambal (2009) and Sundarambal and Tkalich (2010).
bution of atmospheric nutrient deposition to coastal waterGeneral features of Singapore seawaters covering NEUTRO
eutrophication using a combination of the atmosphericallymodel domain are shown in Fig. 1b. The model domain cov-
deposited nutrients concentration data from field observaers the Johor Strait in North and some part of Java Sea in
tions (Sundarambal et al., 2010b) and the 3-D modeling pro-South. Seasonal variation of coastal hydrodynamics is domi-
gram, NEUTRO. There are two steps involved in the appli- nated by the Asian monsoon. Observations show that during
cation of the model, (i) conservative admixture assumptionthe NEM, water is forced along the east coast of the Malay
and (ii) non-conservative admixture assumption. In the firstPeninsula and turns into the Strait, which diverts to the west
step, data on atmospheric nutrient fluxes (Sundarambal eand south with the main drift being from east to west. During
al., 2010b) and baseline concentration of diluted nutrientsthe SWM, the main stream of water comes from the Java Sea
in the water column of the Singapore Strait waters are em4in the south, going through Selat Durian and filtering through
ployed to explore possible scenarios allowing qualitative andthe Riau islands, then flowing toward the eastern and western
quantitative understanding of the relative importance of at-exits. Inter-monsoon (IM) periods are believed to be interme-
mospheric and ocean nutrient fluxes in this region. In thediates of the two major monsoons. In the Singapore Strait,
second step, the full-scale model is used to study spatial anthe monsoon currents and tidal fluctuation are significant.
temporal variability of eutrophication rates in the Singapore Singapore tides are predominantly of semi-diurnal nature and
waters due to changes in nutrient fluxes from atmospheridravel mainly in the eastern (SWM) and western (NEM) di-
deposition in the model domain. rections, with two high and two low tides per lunar day; the
second high tide is usually lower than the first high tide due
to the diurnal inequality. Currents, in general, are typically

2 Materials and methods less than 2 m/s in most parts of the Singapore Strait exceptin
the narrow channel at The Singapore Deeps. The mean tidal
2.1 Study area range is about 2.2m and the maximum range is up to 3m

during spring tides. The river discharges do not greatly af-
Singapore is a very environment conscious city state in SEAfect hydrodynamics in the Johor Strait because the tidal flux
with a total land area of 710 ki(Fig. 1). The country isim-  in the Johor Strait is much higher than that results from river
mediately north of the Equator and positioned off the south-discharges (Chan et al., 2006). The sampling location (lati-
ern edge of the Malay Peninsula between Malaysia and Intude 1310 N and longitude 10%054" E, Fig. 1a) at the
donesia (Fig. 1a). Singapore’s strategic location at the enTropical Marine Science Institute (TMSI) in St. Johns Island
trance to the Malacca Strait, through which roughly one-third(SJl) in Singapore was selected for sampling of aerosol and
of global sea commerce passes each year, has helped it berinwater to estimate the nutrient fluxes from atmospheric
come one of the most important shipping centers in Asia.(dry and wet) deposition onto the coastal waters and ocean
During the Northeast Monsoon (NEM), northeast winds pre-of SEA during the recent 2006 SEA smoke haze episodes
vail, whereas southeast/southwest winds prevail during theand non-hazy days.
SWM season. Smoke haze has been frequently observed in
this region from August to October almost every year due t02.2 Data
bush and peat fires in neighboring countries, especially In-
donesia. In general, dry weather is the result of lack of con-The dry deposition (55 number of aerosol samples) and wet
vection or stable atmosphere which prevents the developmerdeposition (21 number of rainwater samples) samples were
of rain-bearing clouds. Depending on the intensity of smokecollected by the field monitoring during September 2006 to
haze events, nutrient fluxes of different magnitudes are dedanuary 2007 study of atmospheric (dry and wet) deposi-
livered during dry seasons to the Singapore coastal waterson. The above sampling period included both hazy days
(Sundarambal et al., 2010b). The coastal waters of Singaduring 2006 SEA haze episode and non-hazy days, and their
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Fig. 1. (a)Map showing sampling locations (NUS and SJI) in Singapore and surrounding re@ipgeneral features and high-resolution
bathymetry of Singapore seawaters (Admiralty Chart 2403 “Singapore Strait and Eastern Approaches”) covering NEUTRO model domain
(Courtesy from Chan et al., 2006). Note: cross-hatching:Reclaimed areas in Singapore, A: The Singapore Deeps, B: Pulau Tekong, C: Joho!
River, D: Singapore Central Business District, E: Bedok, F: Jurong; G-G’: Fault, H-H’: splays of sediment, I: Riau Strait, J: Selat Durian and
SS, ESS and JS: observation points.

complete details are given in the companion paper on field The hazy and non-hazy days were defined for dry and wet
observations (Sundarambal et al., 2010b). The types of nuatmospheric deposition studies based on Pollutant Standards
trients identified from atmospheric wet and dry nutrient de-Index (PSI) measured by National Environment Agency
positions are N species such as ammonium j(l)u—hitrate (NEA, 2006 anchttp://app2.nea.gov.sg/pkig.asp¥, Singa-
(NO3), nitrite (NG;), total nitrogen (TN) and organic ni- pore (Sundarambal et al., 2010b). The water soluble con-
trogen (ON), and P species such as phosphatéTE(Ibtal centration of nutrients (N and P species) in dry atmospheric
phosphorous (TP) and Organic phosphorous (OP) The VaridepOSItlon and Wet atmos.pherlc dep0§ltlon dUrlng haZy and
ous chemical forms of nutrients (N and P species) from atmo10n-hazy days is respectively shown in Tables 1 and 2 and
spheric deposition were quantified by analyzing the collectedtn€ir detailed atmospheric deposition flux calculations can be
atmospheric (both dry and wet) deposition samples using valfound in the companion paper on field observations (Sun-
idated laboratory techniques (APHA, 2005; Sundarambal eflarambal et al., 2010b). The concentrations of nutrients

al., 2006, 2009; Karthikeyan et al., 2009; Sundarambal et al.in Table 2 were selected for wet atmospheric deposition
2010D). study based on PSI (ranging 81-93 during hazy and 35—
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Table 1. Concentration of nutrients (N and P species) in atmospheric dry deposition during hazy and non-hazy days in Singapore.

Parameters | Dry deposition (ug/m): Hazy? | Dry deposition (ug/m): Non-Hazy?

Nutrients | Mean Min  Max  SD| Mean Min  Max SD
TN 12.61 10.13 1494 2.0% 2.40 1.31 3.84 1.25
NHI 1.92 1.53 243 0.3 0.28 0.01 1.60 0.41
NO§+NOZ_ 4.25 2.28 6.63 1.9 0.80 0.41 151 0.27
ON 6.44 5.14 8.16 1.2 1.49 0.43 250 0.61
TP 0.48 0.35 0.65 0.1 0.07 0.04 0.09 0.02
Poz_ 0.09 0.04 0.19 0.0 0.02 0.01 0.04 0.01
OoP 0.38 0.28 0.61 0.1 0.05 0.002 0.07 0.02

2 Dry deposition: Hazy days (4 numbers) samples during 6, 7, 15 and 19 October 2006 (un?t);;?gmy deposition:Non-Hazy days (16 numbers) samples from 13 November
2006 to 4 January 2007 (unit: pg?n NOZ +NO; = nitrate + nitrite (or) nitrate-nitrogen.

Table 2. Concentration of nutrients (N and P species) in seawater and atmospheric wet deposition during hazy and non-hazy days in
Singapore.

Parameters  Seawater base?ide Wet deposition (mg/l):Haii/ \ Wet deposition (mg/l):Non-HaZ%y

Nutrients | Mean  Min  Max SD| Mean Min Max SD
TN 0.1129 15.39 11.76 20.36 4.4% 3.41 238 4.79 1.25
NHI 0.0133 0.94 0.77 1.19 0.2 0.15 0.03 0.39 0.21
NO§+NO£ 0.02 8.64 7.78 948 0.8 154 1.03 224 0.62
ON 0.0796 5.81 321 1050 406 171 130 252 0.70
TP 0.0251 0.91 0.81 0.97 0.0 0.18 0.10 0.24 0.08
PO}i 0.0116 0.26 0.10 0.49 0.2 0.03 0.03 0.05 0.01
oP 0.0135 0.65 0.32 0.87 0.2 0.15 0.05 0.21 0.09

a Seawater baseline (unit: mg/l) (Tkalich and Sundarambal, 2808kt deposition: Hazy days (3 rain events) samples from 15 to 21 October 2006 (unit:Swgh deposition:
Non-Hazy days (3 rain events) samples from 11 November 2006 to 23 December 2006 (unit: mgANII® = nitrate + nitrite (or) nitrate-nitrogen.

39 during non-hazy days). From the field measurement othat the sampling point represented the baseline characteris-
nutrient concentrations from AD, it was evident that there tics of the Singapore Strait reasonably well. Therefore, the
was higher nutrient input into ocean water during the hazyfield monitoring data could be considered to be representa-
days as compared to clear or non-hazy days (Sundarambéle of the large domain. The details of the water quality
et al., 2010b). The quantified wet atmospheric depositionmonitoring program, seawater sample collection, and spatial
flux of inorganic nitrogen (NEf + NO3 +NO,) was 0.083  and temporal distributions of chlorophyll-a and nutrients in
and 0.015 g/ifyday into coastal waters during hazy and non- Singapore’s coastal waters were reported by Gin et al. (2000,
hazy days, respectively. On an event basis, the minimum an@006). Data were collected on a monthly basis at fixed sam-
the maximum wet deposition fluxes of macro-nutrients werepling sites over different depths in the Singapore waters dur-
highly variable. The day-to-day particle concentrations var-ing alternate spring and neap tidal cycles to capture the sce-
ied substantially in response to spatial and temporal changegarios of high and low tidal flushing characteristics. The an-
of meteorological factors (Sundarambal et al., 2010b). alyzed data provided information on the baseline as well as
About 14 seawater samples were also collected during théPatial and temporal variations of water quality parameters
2006 haze from 8 October 2006 to 20 January 2007 from SJPracketing the major geographical area of interest. The sur-
ferry terminal situated approximately 6.5 km south of Singa-face nutrients concentration varied uniformly over time and
pore, off the Strait of Singapore (Fig. 1a) using establishedSPace in the Singapore Strait except the Johor Strait where
methods (Gin et al., 2000; APHA, 2005) as frequently as pos More fluctuations were observed depending on the monsoons
sible. The analytical precision/accuracy associated with théind local sources of pollution (river discharges, runoff, ship
analysis of atmospheric samples was described elsewhere 5pills, fish farms etc.) (Gin et al., 2006; Sundarambal and
Sundarambal (2009) and for seawater by Gin et al. (2000). It'kalich, 2010).
was found (Gin et al., 2000; Tkalich and Sundarambal, 2003)
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11342 P. Sundarambal et al.: Impact of biomass burning on ocean water quality

Table 3. Model inputs parameters and their values.

Parameters (units) Symbol Value Remarks

For conservative admixture assumption For Case | to Case lll scenarios

Nitrate-nitrogen (mg/l) S;wp 154 For non-hazy days
8.64 For hazy days

Nitrate-nitrogen (mg/l) Bj 0.02

Nitrate-nitrogen (mg/l) C? 0

Annual rainfall (mm) Pr 2136

For non — conservative For full eutrophication model run

admixture assumption

Nitrate-nitrogen (mg/l) S;wp 154 For non-hazy days
8.64 For hazy days

Ammonium (mg/l) S;wp 0.15 For non-hazy days
0.94 For hazy days

ON (mg/l) S;wp 1.71 For non-hazy days
5.81 For hazy days

Phosphate (mg/l) S;wp 0.03 For non-hazy days
0.26 For hazy days

OP (mgl/l) S;wp 0.15 For non-hazy days
0.65 For hazy days

Phytoplankton (mgC/l) cf 0.02

Nitrate-nitrogen (mg/l) 0.02

Ammonium (mg/l) 0.0133

Phosphate (mg/l) 0.0116

ON (mg/l) 0.0796

OP (mg/l) 0.0135

Zooplankton (g/m) 0.0279

DO (mgll) 5.4

CBOD (mg/l) 1.099

Note: S;wp — concentration of nutrients from wet atmospheric depositiBp;— concentration ofjh pollutant or state variable in seawater at the boundé&;— seawater
concentration oﬁth pollutant or state variable in seawater at initial time; Pr — precipitation (aﬁe;— baseline concentration g)fh pollutant or state variable in seawater obtained
from field measurements (Tkalich and Sundarambal, 2003).

The average concentration values (used as model bassources of pollution) were considered and the data were ana-
line values, derived from Tkalich and Sundarambal (2003),lyzed statistically to find the mean baseline values by ANOM
to estimate model kinetics coefficients in this study) of nu- (Analysis of Mean) at confidence limits of 95%, a graphical
trients (Table 2), plankton, DO and CBOD (Table 3) were analog to ANOVA (Analysis Of Variance), using a statistical
obtained following the statistical analysis of the concentra-software MINITAB Release 13.2 (2000). Box plots tend to
tion data measured in the Singapore seawaters (as part of thee most useful when there are many observations in the data
routine water quality monitoring program by the TMSI, Na- set.
tional University of Singapore (NUS), Singapore). The var-
ious steps involved in the exploratory data analysis to ob-2 3 The concept of the model
tain baseline concentrations are: (i) initial data collection

frqm fielgl__measureme_znts; (i qual_itative analysis of data Ob'Contaminant inputs into a coastal system are subjected to
tained; (iii) construction of baseline values for NEUTRO; o iea) and biogeochemical processes that affect their con-
and (iv) statistical analysis of data. The statistical analy_'centration in the water column. A chemical species whose

SIS was used to.examme different tyPeS of data, collected Nt oncentration depends solely on physical transport and di-
different ways, in order to to determine whether or not theL

data h iticallv signifi giff ob ! ution is considered to be a “conservative” species. Most
ata have a statistically significant difference. Qbservationa, s minants are non-conservative; therefore, their distribu-

date_l sets I\\//lvere C?”ﬁ ctgd ona montlkllly ba(;s:cs atall mon'ltor.'nQions are subjected to other processes in addition to physical
stations. Most of the data were collected from a popu atlontransport including biological uptake and release; chemical

Orf sarEpIes(jthqt _showed normal Q|str|but.|onsf. Thfe Stalt'onsltransformations; and interaction with the atmosphere. If the
that showed minimum variations (i.e. stations free from loca physical transport and mixing of a contaminant in a parcel
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of water can be estimated, the difference in concentration(Sundarambal et al., 2010a). The present model can simu-
distributions of a non-conservative contaminant may then bdate the fate of transport of nutrients from point sources (out-
assumed to be due to additional processes. The mass bdhlls, spills) (Sundarambal and Tkalich, 2005) and non-point
ance of a non-conservative property of a two dimensionalsources (runoff, AD) (Sundarambal et al., 2006). The trans-
water mass can be estimated from the input and output oport equation for dissolved and suspended constituents in a
such a property along the two horizontal axes, physical adbody of water accounts for all materials entering and leav-
vection and mixing terms and ambient concentration of theing through: direct and diffuse loading; advective-diffusive
property. There is an exchange of water and nutrients betransport; and physical, chemical, and biological transfor-
tween the Singapore Strait waters and adjacent water bodiemation. Considering the coordinate system with x- and y-
such as the Malacca Strait, South China Sea and Java Seeoordinates in the horizontal plane and the z-coordinate in
Simulation of the ambient concentration of admixtures un-the vertical plane, the 3-D transport equation can be de-
der different contaminant loads may be undertaken assumingcribed as follows:

tﬂ? same physical transport terms and transfer coefﬁuentsaci sC,U BC, v AC; (W—U)j) 5 ’C;

e ambient concentrations obtained from the model can be—L R — _[ ; }
compared with water quality standards for the property, such 97 dx dy 9z dx
as those agreed by the Association of Southeast Asian Na- 9 0C; 0 0C; 0(S;—Cj)
tions (ASEAN, 1995). ~3 [Ey g] ~ [Eza_z} = Ahaxny TR @

2.3.1 Three dimensional numerical eutrophication where C; = concentration ofj" pollutant or state variable
model (NEUTRO) (mg/l); S; =contamination of the source witi" pollutant
(mg/l); Q =discharge of the source ffs); R; =chemical
NEUTRO (3-D numerical eutrophication) model (Tkalich reaction terms, corresponding to the interaction equations
and Sundarambal, 2003) is capable of simulating eutrophicafor ;i state variable (eutrophication kinetic equations of
tion in coastal water as driven by physical, chemical and bi-model state variables are given in Tkalich and Sundarambal,
ological processes and other relevant forces. The conceptu@003);E,, E,, E. =turbulent diffusion coefficientsyx, Ay,
framework for the eutrophication kinetics in water column is Az = computational grid-cell sizes in x-, y-, and z-directions,
based on the WASP (Water Quality Analysis Simulation Pro-respectively, Ak =thickness of water layer affected with ini-
gram) model (US Environmental Protection Agency (EPA), tial dilution; C;? = C;(to) is the concentration of" pollutant
Ambrose etal., 2001). WASP is a generalized framework forg state variable at initial time¢'? is the baseline concen-

modeling contaminant fate and transport in surface Waterstration of j! pollutant or state variable obtained from field
The WASP system is a very simple 0-D link-node model, J=P

= ; ; th .
and 1-D or 2-D or 3-D set-ups are possible only for sim- measurementsy, = settling velocity of;™ pollutant, U, V',

ple cases. Therefore in NEUTRO, the WASP eutrophication\%lzggaolf(l:]ur:/en;:]n d);/, y;:, argj Za_llrj]g%cu\?vgsr;iiﬁcﬂ\t/:(ljyhye
kinetics were transformed and programmed together with 3 Y P Y N P

. e . ing the 3-D hydrodynamic model (TMH, Pang and Tkalich,
D advection-diffusion contaminant transport to account ac- X
. A 2004) and were used as inputs to NEUTRO. Values of con-
curately for the spatial and temporal variability. The cou- : :
. . . : . centration C;) were computed at the nodes of a 3-D grid at
pled physical-biochemical model simulated long-term nutri- ~ L . . )
SR . different instances of time using transport equation (Eq. 1).
ent dynamics in Singapore seawater and surrounding sea

This model provided information on nutrient concentrations,%he missing element of atmospheric input of macronutrients

. . . ‘was included in NEUTRO to explain anomalies in primary
primary production and dissolved oxygen necessary to esti- . . .
mate large-scale ecological effects production. The new atmospheric flux)in the model was

The modeled nutrients consist of ammonium nitrogen ni_quantified by the source te Qs; In transport equation

trite + nitrate (NG +NOj) nitrogen (hereafter denoted as (Eq. 1). The wet deposition flux]) in the model was calcu-

_ _ ) lated by precipitation rate concentrationy;) of AD species
nitrate-nitrogen), P§’, ON, OP, TN and TP. Detailed NEU- 5 the dry deposition fluxi) by settling velocity of AD

TRQ model description, schematic of interactions betweenspecie& concentrationg;) of AD species.

nutrients, plankton (phytoplankton and zooplankton) and the

dissolved oxygen balance, and eutrophication kinetics carp.3.2 Hydrodynamic Model (TMH)

be found elsewhere (Tkalich and Sundarambal, 2003; Sun-

darambal, 2009). For the present study, NEUTRO was enA 3-D semi-implicit sigma-coordinate free surface primi-
hanced in its capability to address the atmospheric inputive equation hydrodynamic model (TMH), developed at the
of macronutrients as a distributed source. The enhanced@MSI, NUS, was implemented to compute tidal-driven cur-
model (Sundarambal et al., 2006) was subsequently utilizedents in the coastal waters of Singapore (Tkalich et al., 2002;
to investigate the fate of atmospherically deposited nutrient®Pang et al., 2003; Pang and Tkalich, 2003, 2004). TMH
in the water column, and its impact on water quality andis extensively used for modeling hydrodynamics in Singa-
aquatic ecosystems in Singapore and surrounding regiongore Strait and has been applied in several commercial and
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research coastal studies in Singapore and Johor Stigit (
[Iwww.porl.nus.edu.sg/main/research/hydro-mndéh this
study, TMH model with 500 m horizontal resolution and 10
vertical sigma layers was used. Calibrated and tested TMH
against available field data showed general accuracy within
10% (Pang and Tkalich, 2004; Chan et al., 2006). Figure

2a shows the comparison of predicted and measured current @

at the transition from spring tide to neap tide at the control
point (ESS in Fig. 1b) off the east coast of Singapore in the
Singapore Strait. In view of the large magnitude of tidal level 5
variations and the associated currents in the coastal water 0f§
Singapore, the tidal hydrodynamic characteristics are impor-
tant for the assessment of the baseline characteristics of Sin- -
gapore marine environment.

2.4 NEUTRO model setup, forcing data, initial
conditions and limitations

U,V (m/s)

The selected model domain approximately covered surface
area about 10 000 khregions from 20’ N to 1°3310.43' N
(latitude) and from 1030 E to 10420 E (longitude)
(Fig. 1a). The general features, bathymetry of the Singapore
Strait and the model domain are shown in Fig. 1b. In the wa-
ter quality model, a horizontal grid of 500 m500 m cover-

ing 117.5x 84.5 knt area (236« 170 horizontal grid nodes)

(b)

Fig.
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2. (@) Comparison of TMH model computed and measured

currents at the control point “ESS” in the east of the Singapore Strait
(Chan et al., 2006)(b) current velocity components, V and W

with 10 vertical layers at depths of 0, 2.5, 5, 7.5, 10, 20, 40,from TMH model at “SS” station during typical SWM in the west
60, 80 and 120 m was used. Current velocities and free surof the Singapore Strait.

face dynamics for NEUTRO were obtained using the TMH
model. For this study, extreme tidal conditions were chosen
to represent the “worst case” scenario of a typical SWM cov-

The modeling assumptions and limitations in the present

ering a 5 days spring tide period from 30 June 2003 to 5 Julystudy are as follows:

2003 for model simulation. The tidal current speeds during
the selected typical SWM was ranging betweeh.26 m/s

and 1.09m/s for U component;0.27 m/s and 0.18 m/s for

V component and-0.0002 m/s and 0.0001 m/s for W com-
ponent (Fig. 2b). The maximum tidal current observed dur-
ing three typical patterns of circulations of flooding, ebbing
and slack tide were 1.48 m/s, 2.57 m/s and 0.98 m/s, respec-
tively (Sundarambal, 2009). The mean concentrations of nu-
trients in Singapore seawater were taken from Tkalich and
Sundarambal (2003) as model baseline concentrations. Gen!!!-
erally, the water column is well mixed in Singapore and Jo-
hor Strait due to intensive tidal currents. The initial condi-
tion of each state variable was assumed to be constant in the
vertical planes of the computational boundaries with com-
puted respective baseline concentration in the entire compu-
tational domain. Fluxes of AD of nutrients to the coastal wa-
ters were obtained based on field monitoring (Sundarambal
et al., 2010b) and laboratory methods of nutrient analysis (as
in Sundarambal et al., 2009, 2010b). The open boundaries
for the water quality modeling were the boundaries facing
South-China Sea, Malacca Strait, and Indonesia waters. The;,
water exchanged from the above boundaries in and out of the
Singapore domain carried nutrients and other contaminants
with them (i.e. transboundary fluxes).

Atmos. Chem. Phys., 10, 113371357 2010

i. In order to delineate atmospheric and ocean fluxes, the

model was tuned to a quasi-equilibrium state by assum-
ing constant boundary fluxes in the vertical planes of the
computational boundaries.

The model was run again with atmospheric fluxes to al-
low for a new quasi-equilibrium state to be established;
and the two solutions were then compared.

Another assumption in this study was that the water-
soluble nutrients of atmospheric origin were assumed to
be deposited directly and uniformly onto the water sur-
face. They were then transported spatially through the
water column by the action of tidal currents, while the

nutrients underwent a complex physical (tidal forcing,

advection, diffusion, temperature and sunlight), chem-
ical (chemical interaction between nitrogen, phospho-
rous and dissolved oxygen cycles) and biological pro-
cesses (plankton (phytoplankton and zooplankton) dy-
namics) and transformations in the water column.

. The model was run for 20 days to achieve steady-

state/equilibrium conditions which reflected the long-
term water quality changes due to a constant pollu-
tion loading from sources. The equilibrium conditions

www.atmos-chem-phys.net/10/11337/2010/
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without atmospheric fluxes corresponded to long-termclose agreement with field measurements for 24-h hindcast,
monitoring observations. As per the established mod-as shown by absolute error bars in Fig. 3d. The absolute er-
eling practice, if a load of nutrients corresponds to theror between predicted and observed DO w#&s5 mg/l. The
usual annual load into the water body, the establishechegative and positive errors occurred when the predicted val-
quasi-equilibrium level must be close to observed base-ues of model were higher and lower than the observed values,
line concentrations. The smoke haze phenomenon adrespectively. The model performed well according to estab-
dressed in this study is a regional air pollution event andlished worldwide modeling practices and criteria. Further
occurs on a larger scale in terms of both time and spacemodel validations were focused on monsoon related varia-
as compare to the tidal currents. The short-term non-tions (Sundarambal and Tkalich, 2010; unpublished reports
equilibrium responses were not addressed, because tlia TMSI, NUS).

atmospheric sources considered are of a regional lateral

scale and a few days of temporal resolution. 2.7 Sensitivity analysis

25 NEUTRO Model calibration and validation In this_ study, a se_nsitivity analysis was made to get an under-
standing of the likely model response to a small change of

Model calibration is the process of determining the model pa-2 Model parameter or input, and to provide the relative im-
rameters and/or structure based on measurement and a prigprtance of model parameters or variables. The relative sen-
knowledge (Beck, 1987). For admixture transport model, theSitVity (RS) that measured the relative change of the model
concentration profiles obtained from field measurements ca@UtPUtin relation to arelative change of parameters was used
be used to calibrate a model at a given time by adjusting” this study. This choice is advantageous over absolute sen-
model parameter, including kinetic coefficients, until accept-SitVitiés because it does not depend on the units of model
able accuracy is achieved (Ditmars, 1988). Average baseParameters nor the model output varlables._ The R_S was cal-
line concentrations of nutrients in Singapore seawater (de€ulated numerically, based on the change in predicted mass

rived from Tkalich and Sundarambal, 2003) were used to esSoncentration (byAX) from its baseline X) upon an in-
timate kinetic coefficients by means of iterative model runscréase of atmospheric nitrate-nitrogen load input ()
through the comparison of model predictions with baseling/’oM its initial base loadX) at every simulation time step,
concentrations. The optimal values of the coefficients (Sun-as follows:
darambal, 2009) are capable of keeping state variables at +AY - 100%— X+AX .100% @
quasi steady-state (baseline) concentrations under the fixed y X

nutrient load conditions. The calibrated model was used tQ-q sensitivity study, the calibrated model was experimented
simulate the water quality with an independent set of datg jg response to an increase in nitrogen fluxes due to wet
as a part of validation exercise for model evaluation. Test

atmospheric deposition using Eq. (2). Here this sensitivity
runs showed that NEUTRO reproduced the cycles of phyto, gy describes increment of total mass of nitrate-nitrogen

plankton and nutrient concentrations with & good accuracy, seawater due to atmospheric deposition of nitrate-nitrogen
(Sundarambal et al., 2008; Sundarambal and Tkalich, 2010);ocentrations at different extremes (minimum to maximum)

for modeling worse case scenarios. From Table 2, the ob-
served higher maximum concentration of nitrogen species at
L ) ) _ ) hazy days during biomass burning shows that occurrence of
Validation of any numerical model is a quite compllcatgd these higher concentrations may cause episodic extreme de-
process. There are several standard steps to validate it bé{osition events on the coastal water in the region. A mod-
comparing model results with analytical solutions, sensitiv-gjing experiment was considered to investigate the increase
ity tests, or by comparing model results with measurements;,, iyrate_nitrogen and phytoplankton at water surface in re-
Comparison with measurements is important because it cag,onse tg different atmospheric nitrogen fluxes. In the exper-
verity the governing gquauon; of the model as well as theiment, the atmospheric nitrogen flux was assumed to increase
app_roxmated numencal solution qf the gquauops. For 24—by keeping constant precipitation rate (Pr) of 2136 mm/yr
h hindcast exercise, the model simulation period was Sy increasing nitrate-nitrogen concentration (S) from the at-

lected from 1_8 Mar_ch 2002, 12:00 p.m. to _19 March 2002, mosphere at 1 mg/l, 10 mg/l, 50 mg/l and 100 mg/l using four
12:00 p.m. Simulations were compared with the long-term jitterent model runs.

monitoring data to examine how well the model can repre-

sent the baseline. The computed time- series (Fig. 3a) and.8 Modeling approach

box-plot diagram (Fig. 3b) compared well with the mea-

sured baseline values represented as box-plots in Fig. 3dn this study, two numerical experiments, a conservative ap-
The simulations were also compared with the 24-h obserproach and a non-conservative approach, were carried out as
vational data at a monitoring location “JS” in the East Johorfollows. The basic task of a conservative approach was to
Strait (Fig. 1b). NEUTRO'’s computed state variables were inperform a continuous mass budget of non-reactive pollutant

2.6  NEUTRO model validation
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Fig. 3. Comparison of computed and measured baseline concentrg@y@omputed time-series of baseline concentrations at a monitoring
station “SS” on the South Coast of Singapdi®;box-plots of computed baseline concentratidqo¥pbserved baseline concentration in the
domain (Tkalich and Sundarambal, 2003; Sundarambal, 20@)%psolute error diagram of model state variables between computed model
results and field observations for 24-h hindcast at a monitoring station “JS”. Note: Parameters (Units): Ammonium (mg/l), nitrate-nitrogen
(mgl/l), phosphate (mg/l), phytoplankton (mgC/l), organic nitrogen (mg/l), organic phosphorous (mg/l) and zooplankton (mg/l).

in the coastal system. In a non-conservative approach, thacluding advection rates and diffusion processes, can be es-
contaminant inputs into a coastal system were subjected ttimated using hydrodynamic principles but, in an open wa-
physical and biochemical processes (eutrophication kinetics)er system where the horizontal gradients of contaminant and
that would affect the concentration of the contaminants in theparticulate concentrations are usually small, mixing does not
water column. Similarly, the impact of atmospheric nitrogen cause large net horizontal transport and the advection term
deposition onto aquatic ecosystem could be estimated by uss significant. The typical hydrodynamic forcing from TMH
ing a non-conservative modeling approach. The modelinglPang and Tkalich, 2004) was utilized to compute the dy-
approaches mentioned above were carried out to simulate nuramics in water column nutrients and plankton due to at-
trient fate and transport in the coastal water that could resulmospheric wet deposition (uniform loads over the domain)
from the varying atmospherically deposited nutrient loadingalong with ocean boundary fluxes.

conditions. In this modeling study, N and P species from AD At the first set of numerical experiments, the model was
were considered. Once N or P is deposited onto water surrun for verification of mass conservation of nitrate-nitrogen
face, itis transported to the water column followed by its spa-and to understand relative importance of atmospheric (verti-
tial distribution by the action of tidal currents. The water col- cal) fluxes in the region as compared with lateral (horizon-
umn nutrient dynamics within each computational cell wastal) fluxes via ocean boundaries. The enhanced NEUTRO
further controlled by the complex chemical, biological and model was run for three cases, considering: (1) flux of nu-
physical processes. After specification of atmospheric wetrients from lateral boundaries only; (II) atmospheric fluxes
and dry deposition loads and system boundary conditionspnly; and (lll) combination of fluxes from the ocean and at-
the changes in water column nutrients and plankton due tanosphere. The concentration of atmospheric wet deposition
AD were computed. At any given location and time, the con- (WD) and initial concentration in water column is denoted as
centration of organic particulate matter is not only controlled S ;wp andC?, respectively. The model was run in a conser-
by biological/ecosystem production and the vertical removalvative mode (without kinetic exchange) for the three cases as
of particles, but also depends on horizontal transport to andelow:

from adjacent water masses. The physical transport terms,
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Case I:C;’:O, B; #0, S;wp =0; equivalent to flux of  range of 23-109 during the sampling period (more infor-
nutrients from ocean boundaries only. mation about the PSI can be found in the companion pa-
per). Chlorophyll-a showed significant correlation with am-
Case 1:C?=0, B; =0, Sjwp #0; equivalent to atmo-  monium (R?=0.82, P = 0), NO (R%=0.605, P = 0.02)
spheric fluxes only. and TN R2=0.6, P =0.02). Figure 4 shows the correlation
0 _ , between atmospheric depositions and seawater quality at the
Case ”'-Cf/ =0, Bj #0, Sjwp # 0; equivalent to com-  grface and also the correlation between phytoplankton and
bination of fluxes from the ocean and atmosphere. TN in seawater. The correlation between the PSI and dry or
) ) wet deposition concentration of nutrients is also shown. It
By computing the mass of admixture in the Singapore Straitig opserved that the PSI has a positive correlatih 0.4)
fqr egch of the case, it is possible to quantify relative con-yitn NHI NO, + NO3, TN and p(j— from dry and wet
tribution of atmospheric and ocean fluxes into the domain.qeposition. Although the statistical correlation coefficient is
The concentration of nitrate-nitrogen was takep as 0.02 mg/hot high due to a limited number of atmospheric samples col-
in water column ¢9), 0mg/l at ocean boundarieg() and  |ected in the study, the smoke haze appears to have a signif-
atmospheric WD §;wp) of 8.64 mg/l for hazy days and 1.54 jcant role in affecting the ocean water quality as there was a

Sundarambal et al., 2009), respectively. The annual average

rainfall (P) in the model region was 2136 mm (Singapore 3.1 Sensitivity analysis
Department of Statistics, 2005). The maximum WAD flux
was applied as a constant uniform load deposited from theéSimulation of the effects of potential changes in the atmo-
atmosphere over the coastal water in this region for an euspheric deposition on seawater/coastal water quality (sensi-
trophication modeling study to understand their impact ontivity study) was performed through the analysis of mod-
water quality as a worst case scenario. eling results with fluxes of atmospheric nutrients quanti-
At the second set of numerical experiments, the modeffied using field measurements. The values of typically ob-
with complete eutrophication kinetics was run to investigateserved wet atmospheric nitrate-nitrogen concentration varied
spatial and temporal distribution of nutrients and eutrophi-between 1.03-2.24 mg/l and 7.78-9.48 mg/| during non-hazy
cation rates in the Singapore Strait. The wet atmospheri@nd hazy days, respectively. Therefore, a numerical sensitiv-
flux (S;wp x Pr), ocean boundary condition§ f) for model ity study is conducted to describe the increment of total mass
state variables including N and P species, phytoplanktonof nitrate-nitrogen in seawater (Fig. 5) due to atmospheric

zooplankton, CBOD and DO used in the model are showndeposition of nitrate-nitrogen concentrations at different ex-
in Table 3. tremes. The variation of atmospheric nitrate-nitrogen fluxes

into the model showed the increase in the total mass of

nitrate-nitrogen in seawater proportional to the magnitude of
3 Results and discussion the increment of atmospheric nitrate-nitrogen fluxes (concen-

tration multiplied by the annual average rainfall of 2136 mm
In this study, an attempt was made to evaluate the percenin the model region) into the model domain (Fig. 5a). When-
age change of inorganic nitrogen in the coastal water columrever the atmospheric nitrate-nitrogen flux increased, similar
due to biologically available nitrogen from atmospheric wet increases in the phytoplankton concentration and total mass
deposition. The central hypothesis of this study was that theof nitrate-nitrogen in seawater in the Singapore Strait were
atmospheric input is an important external source of nutri-also computed (Fig. 5b). In each model run, the total mass
ents, supporting significant fraction of excessive productiv-increased gradually during the initial model simulation pe-
ity in the region. From the regression studies (Fig. 4), theriod until a steady state condition was reached. The percent-
positive correlation between the PSI (indicator of air pol- age increase in total mass of nitrate-nitrogen in seawater due
lution) and concentrations of surface nutrients in seawateto various atmospheric nitrate-nitrogen fluxes over the sea-
indicate that deposition may affect surface nutrient concenwater baseline value of 0.02 mg/l was in the order of 0.01%,
trations in the coastal waters of Singapore. The percent0.13%, 0.63% and 1.26% for nitrate-nitrogen concentration
age increase of phytoplankton, E’Oand TN in seawater of 1 mg/l, 20mg/l, 50 mg/l and 100 mg/l from atmospheric
during hazy days was approximately 50%, 86% and 100%gdeposition, respectively (Fig. 5a). An area that is sensitive to
respectively. The present model study was carried out tgatmospheric nutrient fluxes has a higher risk of becoming eu-
test whether this hypothesis is supported by model computrophic, when the phytoplankton concentration is increased
tation results. The measured concentration ranges of paranglisproportionately.
eters (in terms of minimum-maximum) were: phytoplankton
(0.018-0.172 mgC/l), NHi (0.003-0.027 mg/l), NO+NO3
(0.006-0.027 mg/l), TN (0.037-0.199 mg/l), E’O(0.00S—
0.015mg/l) and TP (0.028-0.035 mg/l) while PSI was in the
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Fig. 4. Relationship betweefa) Pollutant Standards Index (PSI) and phytoplankton in seaw@)d?,Sl and TN in seawater arfd) PSI and
phosphate in seawatdd) phytoplankton and TN in seawat€e) nitrate-nitrogen from dry atmospheric deposition and TN in seawater, and
(f) TSP and nitrate-nitrogen from dry atmospheric deposition. Note: Dry — Dry atmospheric deposition.

3.2 Significance of atmospheric deposition during secutive days). The model mass increment (tonne) against
smoke haze events: conservative admixture simulation time (days) for Cases I-lll for non-hazy and hazy
assumption days is shown in Fig. 6. As there is an exchange of flux at

open boundaries, the model mass gradually accumulated into
For verification of mass conservation of nitrate-nitrogen andthe compu'tgtmnal domain until it reached the quasi-steady
state condition. Total percentage of flux (%) from Case llI

to understand relative importance of atmospheric fluxes duriS given by sum of boundary flux (%) from Case | and AD

ing hazy and non-hazy days in the region as compared Wl.trﬁux (%) from Case Il. The percentage of mass increase due

lateral fluxes via ocean boundaries, NEUTRO was run in|-to AD of N flux was calculated. For Case |. if computations
tially in a conservative mode (without eutrophication kinet- . L ' . " P
began with a zero initial mass of nutrients in the study do-

ics) (see Sect. 2.8). In this study, the concentration of nitrate-

hitrogen at ocean boundaries, {Batmospheric WDSwp) main, th_e ocean fluxes of nutrients _entered through “open
o boundaries to gradually accumulate in the water column un-
for hazy days and non-hazy days, and the initial concentra:

tion in water column(®) were taken as 0.02 mg/l, 8.64 mg/l, til a quasi equilibrium state is reached (Fig. 6). Due to tidal-

1.54mg/l and 0 mg/l, respectively: and the annual averagéjnven back-and-forth water movement, a wave-like behav-

rainfall in the model region were taken as 2136 mm (Table 3)'Iot:tgzsaclgzir(ljﬁr?::?irr\r/]eed(;fnvvagtgr]?numz ;?rzleas' Ogngtf;tjlg
For this study, the enhanced model for atmospheric nutrienge about 7 davs. In Case II. the mass of ad?nigture enterin
loading during hazy and non-hazy days was run for three ex- yS- ’ 9

ploratory scenarios (Case | to Case Ill) in the Singapore Strai{he water column from atmospheric fluxes gradually accu-

as explained in Sect. 2.8. The model simulations were carrie@?é?;:agxléﬂgnagltjr]arsgue?]ugg;unmb;ﬁgavr\i’:: reczzgeﬁ v(\j/;: rtl:)n
out for 39 semi-diurnal tidal cycles (equivalent to 20 con- 9 9 '
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Fig. 6. Increase of nitrite+nitrate mass in the Singapore Strait due
to atmospheric fluxes durin@) non-hazy days an¢b) hazy days.
Note: mass due to the total flux (Case Ill) = Mass due to bound-
ary fluxes from the ocean (Case I) + Mass due to atmospheric ni-
trite+nitrate deposition (AD) fluxes (Case II).
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Fig. 5. (a) The percentage increase in total mass of nitrite + ni-

trate nitrogen in seawater from its baseline &bpphytoplankton (Fig. 5). In this study, only limited seawater samples were
biomass concentration increase due to various atmospheric nitrat%ollected and analyzed (as in Sect. 2.2) at the surface level to
nitrogen loading in the Singapore Strait. Note: S-Concentration of L

nitrate-nitrogen from atmosphere and deposition flux = Concentra_establlsh seawater nutrients correlation with atmospherically

tion S multiplied by the annual average rainfall of 2136 mm in the d€POSited nutrients during hazy days. There was a moderate
model region. correlation, but significant, with contribution of atmospheric

fluxes typically limited to 4-24% (Fig. 6a) during non-hazy

days and 17-88% during hazy days (Fig. 6b). The model
to delineate relative contribution of atmospheric depositionsupports the hypothesis that atmospheric nutrient deposition
flux only when compared to that of regional ocean flux. Casemay notably affect surface seawater nutrient concentrations
Il combined Cases | and I, with total admixture mass de-as observed from the field study (Fig. 4). The rest of the
fined by the sum of ocean boundary fluxes and atmospheri@utrients were supplied to the water bodies via ocean and
fluxes. land-based fluxes.

The percentage increase in mass due to AD N flux was cal-
culated. Model computations showed that wet atmospheri®.3 ~ Significance of atmospheric deposition during
fluxes of nitrate-nitrogen during non-hazy days might ac- smoke haze events: non-conservative admixture
count for 4 to 24% (Fig. 6a) of total mass of nitrate-nitrogen assumption
in water column. During the hazy days, it was computed
that wet atmospheric fluxes of nitrate-nitrogen contributedThe spatial and temporal dynamics of nutrients in the Singa-
about 17 to 88% (mean 72%) of total nitrate-nitrogen mass pore Strait was investigated by means of model simulations
into the water column (Fig. 6b), which is a notable contri- using a complete set of eutrophication kinetics and typical
bution into regional eutrophication. The percentage incre-SWM tidal currents, with realistic initial and boundary con-
ment of nitrate-nitrogen concentration in seawater (Fig. 6)ditions (Table 3). The atmospheric contribution to the nu-
was 2 to 30% (meaf 15%) during the non-hazy days and trient load was specified as a constant concentration3jg/m
5to 111% (mean 70%) during hazy days based on con- uniformly distributed over the model domain area at all time
servative admixture assumption. The percentage change afteps. The similar patterns of changes in air quality observed
simulated nutrients and phytoplankton from seawater basefrom the different sites showed that the atmospheric nutrients
line during non-biomass burning and biomass burning (Ta-deposition loading to the coastal water is uniform in this re-
bles 4 and 5) clearly showed the impacts on water qualitygion (Sundarambal et al., 2010b). The model calculated the
following a haze event. Also, the sensitivity study showed nutrient flux by using concentration and precipitation (wet
the model water quality changes with respect to high N load-deposition). The nutrients are transported to the water col-
ing conditions and also corresponding phytoplankton growthumn, as well as spatially distributed by the action of tidal
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Table 4. Model computed concentration of N and P species at water surface due to atmospheric deposition fluxes during non-hazy and
hazy days.

Parameters (units) Water quality change from model % Water quality change

baseline due to mean wet AD deposition
Nutrients Mean Min Max SD Mean Min Max SD

Non-hazy days

NH:lr (magll) 3.44E-04 3.73E-05 5.86E-04 1.55E-04 2.44 0.27 4.13 1.09
NOZ +NO, (mg/l) | 0.002 0.0002 0.0033 0.0009 | 9.37 109 159 4.17
ON (mg/l) 0.001 0.0001 0.0019 0.0005| 1.43 0.17 243 0.64
Pojf (mall) 2.14E-05 2.44E-06 3.66E-05 9.71E-06 0.18 0.02 0.32 0.08
OoP 0.0002 0.00003  0.0004 0.0001| 1.80 0.21 3.06 0.1
Hazy days
NHI (mgll) 2.37E-03 2.73E-04 4.01E-03 1.05E-03 16.8 1.97 283 7.403
NO3 +NO, (mg/l) | 0.009 0.0010 0.0155 0.004 447 517 759 19.9
ON (mg/l) 0.005 0.0005 0.0077 0.002 582 0.68 9.90 259
POZ_ (mgll) 2.65E-04 3.03E-05 4.52E-04 1.20E-04 2.28 0.26 3.90 1.033
OP (mg/l) 0.0007 0.00009 0.0012 0.00032 525 0.63 8.94 2.36

currents following the atmospheric deposition onto the water(increase) of surface water I%Oand OP concentrations from
surface. baseline due to the atmospheric wet deposition during hazy

Computations obtained with the non-conservative admix-and non-hazy days is shown in Fig. 8al and b1, and Fig. 8a2
ture assumption (with full eutrophication kinetics) showed and b2, respectively. Model computations showed that at-
that atmospheric fluxes might account for an increase ofmospheric fluxes might account for an increase ofyPO
nitrate-nitrogen concentration in the water column in the concentration in surface water in the range of 0.02-0.32%
range of 1-16% (mean 9.3%) and 5-76% (mean45%)  (meam~0.18%) and 0.26-3.9% (mear2.3%) during non-
during non-hazy and hazy days, respectively. The spatial dishazy and hazy days, respectively. The increase of OP con-
tributions of surface water concentration of nitrate-nitrogen, centration in surface water observed from the model com-
NH; and ON from their baseline (0.02mg/l, 0.0133mg/I putation was in the range of 0.21-3.1% (meah.8%) and
and 0.0796 mg/l, respectively) due to atmospheric nitrate0.63-8.9% (mear 5.3%) during non-haze and haze peri-
nitrogen deposition during hazy and non-hazy days are0ds respectively. The soluble aerosol fraction of P species
shown in Figs. 7(al-a2), 7(b1-b2) and 7(c1—c2), respecis likely to be the most biogeochemically reactive, especially
tively. It was observed that the water surface at a shallowin aquatic systems (Mahowald et al., 2008). It was observed
depth had a higher concentration of nitrate-nitrogen due tghat the atmospheric N species deposition was higher by a
accumulation and reduced tidal mixing along the coastal arfactor of 10 than that of P species (Tables 1-2 and Sundaram-
eas in comparison to baseline data. It was also observeBal et al., 2010b) and model simulation results (Fig. 7 and
that the water surface at a deeper layer of water column, anfig. 8) similarly showed the changes in the concentration of
the one far away from the coastal areas are likely to have & and P species in seawater. The observation of P enrich-
lower concentration. This is due to dilution within the main ment due to atmospheric deposition in the present study is in
stream by high tidal action in the Singapore Strait. When acontrast to other studies (Krishnamurthy et al., 2007, 2009,
rainfall event occurs after long dry period during hazy days,2010; Zamora et al., 2010). In present modeling study, the
an episodic AD wet deposition with high N concentration impact of both organic N (Fig. 7c) and P (Fig. 8b) deposition
can also occur. Occurrences of large episodic events of affom atmosphere was investigated. Our results demonstrate
mospheric nitrogen inputs can strongly impact the surfacethe sensitivity of marine biogeochemical cycling in Singa-
ocean biogeochemistry (Paerl, 1985). Episodic wet depopore and surrounding regions to variations in atmospheric N
sition event with nitrate-nitrogen concentration of 34.6 mg/l and P deposition during hazy and non-hazy days. With the
occurred during October/November 2006 onto water surfaceéestimated nutrient load from wet AD, the computed concen-
and the absolute change of surface water nitrate-nitrogeifations of N and P species changed considerably from the
concentration of maximum 1 mg/l from baseline (0.02 mg/l) baseline value as shown in Table 4 at a selected location “SS”
was computed due to the assumed episodic wet depositiolt Singapore Strait.
event (Sundarambal et al., 2010a). The absolute difference
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Fig. 7. The absolute change () nitrate-nitrogen(b) ammonium andc) organic nitrogen concentration at surface water from baseline due
to the atmospheric wet deposition during (1) hazy and (2) non-hazy days.

3.4 Contribution to eutrophication vided the necessary nutrient for low nutrient zone, but the bi-
ological response time was slow, as nitrogen is not a limiting
The algal growth in the marine environment is N-limited usu- nutrient for high nutrient zone. The computed maximum ab-
ally (Smetacek et al., 1991), although i:oOr even trace Solute change of surface water phytoplankton concentration
metals may also play a role in regulating phytoplankton (mgC/l) from baseline (0.02) was 0.0007 and 0.0003 during
growth (Galloway, et al., 1994; Herut et al., 1999; Gin et al., hazy and non-hazy days, respectively. The computed max-
2006). An increase in N:P ratios can potentially have pro-imum absolute change of surface water zooplankton con-
found impacts on the phytoplankton community, not only in centration (g/m) from baseline (0.0279) was0.001 and
terms of increasing algal abundance but also by altering the<0.0001 during hazy and non-hazy days, respectively. The
relative abundance of species present (Jickells, 1998). Bevariation of DO concentration was also observed following
sides N and P, other factors such as physical properties of wahe changes in nutrients concentration in the Singapore Strait.
ter (temperature, salinity), light, tidal currents, trace elementsOnly external (to the ocean) sources of N that reach the sur-
and micro-nutrients may limit the algal growth depending on face mixed layer can affect the steady-state balance of the bi-
the environmental conditions in the location and time. Theologically mediated flux of nutrients across the air-sea inter-
atmospheric nutrients deposited to the surface ocean must Hace. The open ocean sources of external N such as biological
in a bioavailable form in order to be utilized by marine phyto- N2 fixation and atmospheric deposition together contribute
plankton. The model computed absolute difference in spatiaf het oceanic input of N. These two sources support “com-
surface concentration distribution of phytoplankton (Fig. 9 pletely new production” and hence influence global oceanic
and Table 5) indicated that the nitrate-nitrogen species proN, assuming an adequate supply of other nutrients (P, Fe)
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Fig. 8. The absolute change ) phosphate an¢b) organic phosphorous concentration at surface water from baseline due to the atmospheric
wet deposition during (1) hazy and (2) non-hazy days.

Table 5. The percentage increase of model computed concentration of phytoplankton, zooplankton and dissolved oxygen (DO) at surface
water from baseline during non-hazy and hazy days.

Parameters (units) Mean Min Max SD
Non-hazy days
Phytoplankton (mgCl/l) 0.12 0.01 0.22 0.06
Zooplankton (mg/l) 8.03E-04 3.68E-05 1.43E-03 4.16E-04
DO (mg/l) —0.00012 -0.00040 0.00023 0.00012
Hazy days

Phytoplankton (mgCl/l) 0.63 0.03 111 0.31
Zooplankton (mg/l) 412E-03 1.47E-04 7.23E-03 2.13E-03
DO (mgl/l) —0.00118 —-0.00380 0.00256  0.00115

(Duce et al., 2008). These sources will impact the biogeo-3.5 Environmental impacts

chemistry of oceanic areas that are either perennially or sea-

sonally depleted in surface nitrate, but will have little effect

in high-nutrient, low-chlorophylk regions where the con- Concerns on rising nutrient loads and their adverse effects

centration of surface nitrate is always high. Based on theon large scale freshwater, estuarine and marine environment

modeling study, we conclude that while individual AD events have led to a strong need for extensive research and manage-

are not probably responsible for triggering algal blooms asment of nutrients. Atmospheric deposition has been shown to

hypothesized, but long-term nutrient additions are importantcontribute an increasing fraction of the overall nitrogen and

and do contribute to regional eutrophication problems undePhosphorus load. Furthermore, the atmospheric inorganic in-

nutrient-depleted conditions in coastal waters. put is directly consumable by the algae, which is only true
for parts of the river runoff. Pollutants accumulate in the air
and can then be advected over marine areas with associated
high dry deposition; if rainfall occurs at the time, particu-
larly high depositions can occur (Spokes et al., 1993, 2000).
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Fig. 9. The absolute change of phytoplankton concentration at surface water from baseline due to the atmospheric wet depositadr) during
hazy anda2) non-hazy days.

Once the atmospheric nutrients enter surface seawater, thatlantic. Atmospherically derived dissolved ON has also
chemical form of the dissolved nutrinets may be altered, thuseen shown to stimulate bacterial and algal growth (Peierls
changing their solubility, retention in the euphotic zone, andand Paerl, 1997). This ON may selectively stimulate growth
bioavailability. The impact of nutrient-enriched atmospheric of facultative heterotrophic algae such as dinoflagellates and
inputs is enhanced under oligotrophic conditions. The re-cyanobacteria (Antia et al., 1991). Excessive N loading to
sulting events, while small in overall annual budget terms,surface waters is the key cause of accelerating eutrophica-
may be able to promote phytoplankton blooms under nutri-tion and the associated environmental consequences (Nixon,
ent depleted conditions at surface water because of the aft995). Ecological effects caused by eutrophication are en-
mospheric spreading of nutrients over surface water (Owens&anced productivity, but these can also result in changes in
et al.,, 1992). The causative factors of algal blooms are elspecies diversity, excessive algal growth, DO reductions and
evated inputs of nutrients from land, atmosphere or adja-associated fish kills, and the increased prevalence or fre-
cent seas, elevated DIN and dissolved inorganic phosphorouguency of toxic algal blooms. The main toxic action of ni-
(DIP) concentrations, and increased N/P-ratios compared térate on aquatic animals like fish and crayfish seems to be
the Redfield Ratio. Since atmospheric inputs do occur allthe conversion of oxygen-carrying pigments to forms that
year round, the flux of N from the air may not only trigger are incapable of carrying oxygen. High nutrient conditions
summer blooms, but also contribute to the water column Nfavoring coastal HAB have also been associated with some
standing stock. cholera outbreaks. Human sickness and death, resulting di-
rectly (e.g., ingested nitrates and nitrites from polluted drink-
ing water) or indirectly (e.g., aerosol exposure to algal tox-

where plant productivity is usually limited by nitrogen avail- Ins, consumption of contaminated seafood causing poisoning
P P Y Y y 9 syndromes) from inorganic nitrogen pollution, can have ele-

ability. Duce et al. (2008) studied both organic and inorganic ated economic costs (Van Dolah et al., 2001). A long term

nitrogen deposition over global oceans and estimated thaX'uonitoring of both AD of nutrients and the corresponding

~30 1

b 3%22??;?:3? giﬁopgociu;::&ﬁocoou'gnﬁg sﬁrc:ugrt]ed_rfﬁéchanges in seawater is needed to establish the exact relation-

C())/astal ar?d oceani?: rimar roductri)or? due to at?nos. heri-S hip between phytoplankton and atmospherically deposited
P yp PReT utrients in tropical coastal water. A regional extensive field

cally transported N and other nutrient sources may be pro- onitoring programme is strongly needed for managing both

ir:()ct(larzfsttglearr?;]gcret;ﬁ:(c)%/lle;shaizgli f’jit:attﬁée ?Sge?arf{?oz;ri?g‘ilr guality and water quality to protect the sensitive ecosys-
' Y P tems in the SEA region. It is necessary to extend the mod-

harmful aIga_I blooms (HAB}) and dechng In water quallyy and eling study covering the SEA region to estimate the possible
fish stock (Jickells, 1998). The modeling study of Krishna- impacts on aquatic ecosystems. This research work moti-
murthy et al. (2007, 2009, 20_10) and Zf_;l_mora et al. (201.0)vates the investigation of the role of other nutrients such as
investigated the effects of nutrient deposition on surface bIO'iron species and their related biogeochemical factors for the
geochemistry. Regionally atmospheric N inputs can haveeutrophication in this region
significant impacts on marine biogeochemistry, potentially '
supporting>25% of the export production, an impact that

is increasing due to human activities (Krishnamurthy et al.,

2010). Zamora et al. (2010) indicated that atmospheric de-

position may contribute 13—-19% of the annual excess N in-

put to the ocean main thermocline in the subtropical North

Atmospheric deposition of nitrogen compounds can con-
tribute significantly to eutrophication in coastal waters,
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4 Conclusions tem by water quality changes and eutrophication. Based on
the findings from the present research work, a local and re-
The importance of regional smoke episodic events, hazy daygional long-term field monitoring program should be estab-
in relation to non-hazy days, to atmospheric nutrient depodished to collect the representative temporal and spatial sam-
sition in terms of biological responses in the coastal waterples of dry atmospheric deposition and wet atmospheric de-
of the Singapore region was investigated. The water qualposition, as well as coastal water and offshore samples over
ity variability due to the transfer of atmospherically-derived the Singapore waters and the SEA region for measurement
nutrients into coastal water was quantified and the resultandf nutrients and assessment of their impact on water quality.
nutrient and phytoplankton dynamics in this region was pre-
dicted by the present numerical modeling approach. The 3f':)Ackno\medgementsThe presented work is a part of the main au-
numerical eutrophication model NEUTRO was enhanced inyors php research. We would like to thank Karthikeyan Sathrug-
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