Ann. Geophys., 30, 37B%7, 2012 ~ "*
www.ann-geophys.net/30/371/2012/ G Ann_ales
doi:10.5194/angeo-30-371-2012 Geophyswae
© Author(s) 2012. CC Attribution 3.0 License. -

Measurement of ambient NH; over Bay of Bengal during W_.ICARB
Campaign

S. K. Sharmat, A. K. Singh?3, T. Saud-4, T. K. Mandal 1, M. Saxend, S. SingH, S. K. Ghost?3, and S. Rah&3

1CSIR-National Physical Laboratory, Dr. K S Krishnan Road, New Delhi-110 012, India

2Centre for Astroparticle Physics and Space Science, Bose Institute, Darjeeling 734 101, West Bengal, India

3Centre for Astroparticle Physics and Space Science, Bose Institute, Block EN, Sector V, Kolkata 700 091, West Bengal, India
4Guru Govind Singh Indraprastha University, New Delhi- 110 006, India

Correspondence tdS. K. Sharma (sudhir@nplindia.ernet.in)

Received: 8 November 2011 — Revised: 12 January 2012 — Accepted: 19 January 2012 — Published: 16 February 2012

Abstract. Concentrations of ambient NHINO, NO, and  ther directly or via the degradation of biologically synthe-
SO, were measured over Bay of Bengal (BoB) during 28 sized organic nitrogenous material/agricultural run-off). In
December 2008 to 25 January 2009 to study their diurnala solution, NH is partitioned between N1=|and NH; ac-
variation and relationship of Niwith other trace gases cording to equilibrium thermodynamics: the proportion of
over BoB. The measurements were done under the winteNHy that occurs as Nkl(depending on pH, temperature and
phase of Integrated Campaign on Aerosols and Radiatiomonic strength of the medium) is available for emission to
Budget (WICARB). For the first time, ambient NiHHwas  the atmosphere (Aneja et al., 2001). Nid also emitted
monitored precisely over BoB based on chemiluminescencéo the atmosphere by plants, animals and its environments,
method, having estimation efficiency more precise than theby soil micro-organisms and by various industrial and agri-
chemical trap method. The average concentration of ambieultural processes, including the direct volatilization of solid
ent NHz, NO, NG, and SG were recorded as 4.7481.68, NH4NO3 salts and fertilizers (Sutton et al., 2000; Li et al.,
1.89+1.26, 0.3H-0.14 and 0.8&-0.30ug M3, respec- 2006; Sharma et al., 2010a, b). There is also evidence
tively, over BoB. The prominent latitudinal and longitudi- of volcanic source of Nkl to the atmosphere (Uematsu et
nal variations of the trace gases were observed over BoBal.,, 2004) and of substantial NHemissions from seabird
whereas NH and NO showed the non-significant diurnal colonies (Blackall et al., 2007; Theobald et al., 2006)
variation. Results reveal that the concentration of ambient
NH3 negatively correlated with ambient N@r? = —0.56),
SO (r?=—0.58) and ambient temperaturé € —0.27) dur-
ing the study.

Norman and Leck have reported NHf the order of 0.05—
0.2 nmol n3 (0.0085-0.0034 ug ?), whereas, Gibb and
Mantoura (1999) and Gibb et al. (1999) have reported 10—
20 nmol nT3 (0.17-0.34 pg m) in the central Indian Ocean
Keywords. Atmospheric composition and structure (Gen- and 2.5-5.6 nmolm® (0.043-0.095ugm?) over coastal
eral or miscellaneous) Arabian Sea and 0.4-1.8 nmolth (0.007—0.031 ug )

over remote Arabian Sea. Schafer et al. (1993) have re-
ported the concentration of Nfyas over BoB of the order

of 14.29-29.29 nmol m? (0.243-0.500 ug m?). Johnson et

al. (2008a, b) has reviewed the measurement of ambiegt NH
gases along with sea water NKNH3 + NHI) over Pacific,

are ubiquitous. Naturally and anthropogenically producedAtlantlc anq Indian OC?""”- Table 1 summaries the results og
NHy (NH3+NH;) are transported through the atmosphereconqentra’uons of ambient Ntbver various oceans reported
and generally their concentrations in air decrease as the diéj-y different researchers.

tance from land increases. It has been suggested that in pre- Ambient NH; plays an important role not only in the for-
industrial times, the oceans were probably a net source ofation of secondary aerosols while combining with atmo-
NHy of the continents (Duce et al., 1991), but this is not spheric acid gases (sulfuric acid, nitric acid and hydrochloric
the case today (Sutton et al., 1995, 2000).,N¢dproduced  acid) but also contributes to adverse health effects, mainly
in surface water by the biological reduction of nitrate (ei- respiratory diseases (Warneck, 1988) and climate change.

1 Introduction

In the atmosphere and ocean, N&hd its ionized form Nlji
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372 S. K. Sharma et al.: Measurement of ambient Nkl over BoB during W_ICARB Campaign

Table 1. Comparison of ambient Ngi(nmol m~3) over various locations.

Location Maximum  Minimum Average Reference
Southern Ocean 6.0 0.6 35 Ayers and Gras (1980)
Central Atlantic Ocean 30.0 1.0 - Zhuang and Huebert (1996)
Central Atlantic Ocean 18.4 3.7 9.7 Norman and Leck (2005)
Central Pacific Ocean 3.4 0.01 0.67 Quinn et al. (1990)
Southern Atlantic Ocean 7.7 0.1 2.1 Norman and Leck (2005)
Southern Indian Ocean 4.4 2.2 - Ayers and Gras (1980)
Southern Indian Ocean 2.1 0.3 11 Norman and Leck (2005)
Central Indian Ocean 0.2 0.05 0.1 Norman and Leck (2005)
Central Indian Ocean (coastal) 5.6 25 3.8 Gibb and Mantoura (1999)
Central Indian Ocean (remote) 1.8 0.4 1.0 Gibb et al. (1999)
Bermuda 20 Lebel et al. (1985)
Atlantic (transect S-N) 7.6 1.3 4.3 Johnson et al. (2008b)
Atlantic (transect N-S) 1.0 0.02 0.2 Johnson et al. (2008a)
Atlantic transect 3.2 0.07 1.9 McKee (2001)
Berhampur (coastal) - - 329.4 Carmichael et al. (2003)
Bhunbaneswar (coastal) - - 288.2 Carmichael et al. (2003)
Bay of Bengal (coastal) 211.8 117.6 158.8 Khemani et al. (1987)
Bay of Bengal (coastal) 675.0 105.2 265.2 Biswas et al. (2005)
Bay of Bengal 441.2 11.7 281.2 Present study
28 AR wimeromiea " 1~ T T T also recorded over BoB during the campaign to correlate with
29 [ T=0from Chennai, 27" December 2008, 07:30 ] trace gases. The main objective of this campaign was to
oy [T KoC2STIB0TEN January, 2009 study the diurnal variation of ambient NHand other trace
18 L gases over BoB and its interaction.
s
gr 2 Experimental setup
12
T 5 3 2.1 Cruise track of W_ICARB
8
6 |- ;b : RO T Measurement of trace gases, i.e. MO, NO,, and SO,
4l ¥ O 3 were made over BoB under the WCARB campaign from
o [ roTeo® ] 28 December 2008 to 25 January 2009 onb&agar Kanya
o [Qogationp oftime seriep measuremeyts 180 sioppage ), , , | (SK-254) cruise (a research vessel) as per its scheduled track

70 75 80 85 90 95 100

Longitude °E given in Fig. 1. The cruise tracks covered the region rang-

ing from 22° N to 3.5 N latitude and 76.3E to 98 E longi-
Fig. 1. Scheduled track dBagar Kanys&SK-254 cruise for measure-  tudes over BoB. The cruise embarked on 27 December 2008
ment of trace gases over BoB. from Chennai and ended at KOChi (go%, 763) E), |ndia,
on 31 January 2009. The ship halt times are also indicated
in the figure by open circles. The cruise stationed at 3 places
. . o . for 18 h to take time series/diurnal variation measurements
Sulfuric acid (FSQ) and nitric acid (HNQ) are the ma- n 5, 8 and 23 January 2009. Sampling inlets of all analyzers

Jg r acid dgsses in the ?tmr)sq_mere thaF doccurfrom OXId?’[I?I’I Oﬂgzxere connected to the sampling system, which was placed
Oz and NQ, respectively. These acid gases are neutralizeq, y,o opposite direction of the cruise ship plume to reduce

by NHs in the atmosphere, thereby forming bHSQ, and the self-contamination; the portable weather station was also

(NH4)250r and NHINO; aerosols, respectively. mounted at same height (about 11 m from sea surface) and
~ This study is the first time ambient Nrhas been mon-  same location on the deck of the ship. These instruments
itored precisely over BoB based on chemiluminescencepperated continuously for the entire period of the campaign

method along with the other trace gases NO,,NBd SQ (28 December 2008 to 25 January 2009).
onboardSagar Kanyga research vessel). The meteorologi-

cal parameters (temperature, sea surface temperature (SST),
relative humidity (RH), wind direction and wind speed) were

Ann. Geophys., 30, 371377, 2012 www.ann-geophys.net/30/371/2012/
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Table 2. Average concentration of N NO, NO, and SQ - z
(g m3) over BoB. % W
= ]
B o,
Concentration I
Average Day Night D/N M
7 s
NH3 4784168 485+191 470+144 1.03 2,
NO 189+1.26 187+1.24 190+1.27 0.98 S .
NO, 0.31+0.14 027+0.12 034+0.16 0.79 .

SO, 080+030 086+0.33 075+£0.27 1.15

1.00 -

0.75

0.50 A
0.25 A

2.2 Measurement of trace gases 000

=+ Standard deviation

NO, (ng nr’)

Concentration of ambient NdHwas measured continuously
using an NH-analyzer (model: CLD88CYp, M/s. ECO
Physics AG, Switzerland) operating on chemiluminescence
method (having estimation efficiency90 % compared to 0.00
chemical trap method having reproducibility of 4.7 %). In
this analyzer, two catalytic converters of different character-
istics allow sequential detection of N@Nnd NQ_aminesby ] 80

50, (ngmr)

35 1 —o—Temp —+—RH r 100

converting them into NO at 374 and 650C, respectively. ; * o =
Concentration of ambient NHwas calculated from the dif- E s 7]
ference between NOand NQ_amine (NH3 =NOy_amine a 0
NOyx). The measurement range of NHnalyzer varied 20 et 20}
from 0-5ppb to 0-5000 ppb (accuraey0.050 ppb of all 0 2 4 6 8 10 12 14 16 18 20 22 24

the ranges). NO and NOwere measured continuously us- Time (h)

ing an NQG-analyzer (model: CLD88p, M/s. ECO Physics

AG, Switzerland) with photo catalytic converter (model: Fig. 2. Average diurnal variation of Nij NO, NO, and SG over

PLC860, M/s. ECO Physics AG, Switzerland) also basedBoB.

on chemiluminescence method. The estimation ranges of

NOy-analyzer varied from 0-5 ppb to 0-5000 ppb (accuracy

+0.050 ppb of all the ranges). The response time of these an- The gas analysers were used to record the ambient NH

alyzers are<1 s with a signal noise of 1 % of measured value NO, NO, and SQ concentration at 1 min intervals through-

and the estimation efficiency is90 %. The zero air calibra- out the study period. The concentrations of all the above

tions of these analyzers were done using a pure air generatdface gases were converted into pgfrom ppb by respec-

(model: PAG-003, M/s. ECO Physics AG, Switzerland) hav- tive factors for uniform representation of the results. Statisti-

ing air pollutant elimination capacity0.010 ppb. The ana- cal analysis of all the data sets collected during the study pe-

lyzers were calibrated and validated using NIST-USA trace-riod was performed using standard recommended methods.

able certified NO gas (250 ppb2.5 %, M/s Spectra Gases

Inc., USA). The analyzers showed less thiah% error rate

during calibration. Zero and span calibrations (before and af3 Results and discussion

ter the measurement) of these analyzers were performed for a

week to obtain reproducible values. Ambient.S@as mea- The concentration of trace gases, i.e. )\MO, NO, and

sured continuously using a calibrated S@nhalyzer (model:  SO,, were measured over BoB during WCARB campaign.

APSA 360A, M/s. Horiba Ltd, Japan) at the same location. The average values of trace gases with day and night average

The instrument was calibrated daily using in-built calibrator values are summarized in Table 2. The average concentration

for zero and span. of ambient NH was recorded as. 48+ 1.68 pug nm3 with a
Meteorological parameters such as temperature (accuracytay/night ratio of 1.03, whereas average concentration of NO

+1°C), relative humidity (accuracy:+2 %), wind direc- was recorded @1+ 0.14 pgnt3 with a day/night ratio of

tion (accuracy:+3°) and wind speed (accuracy:2 % of 0.79.

full scale) were recorded at hourly intervals using calibrated Figure 2 shows the average diurnal variation ofdNNO,

portable weather station. NO; and SQ along with ambient temperature and RH over

www.ann-geophys.net/30/371/2012/ Ann. Geophys., 30, 3314 2012
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Fig. 3. Latitudinal and longitudinal variations of trace gases g\H . o L . .
NO, SO») over BoB. Fig. 4. Latitudinal and longitudinal variations of meteorological

parameters over BoB.

BoB. In the present observations, non-significant diurnalthe present study is almost one order higher than the earlier
varitions of ambient N and NO (Fig. 2) were observed, reported values over the central Indian Ocean as well as BoB
whereas N@ and SQ showed significant diurnal variations. (Norman and Leck, 2005; Schafer et al., 1993) (Table 1).
The average daytime concentration of N@as recorded as A strong positive west-east (zonal) gradient (0.184) was
0.27+0.12 ug nm3, whereas average nighttime N@ncen-  observed in ambient N¢gconcentration (6.0-9.0 ugm)
tration recorded was as®%+0.16 uygnt3. Nighttime in-  over the area close to the west coast of BoB as com-
cerase in N@ concentration may be attributed to conversion pared to other parts of the BoB (Fig. 3). It is to be noted
of NO to NO; with the reaction of @ as well as lowering that agricultural activities (Sharma et al., 2010a, b), live-
of the boundary layer during winter. Figure 3 represents thestock, biomass burning and transport may contribute to the
spatial distribution of trace gases (NHNO, SQ) over BoB  emission of large amounts of NH(Sutton et al., 1995,
region. The average concentration of ambientsNidring 2000). Khemani et al. (1987) reported the concentration
campaign recorded as78+ 1.68ugnt3 with a range of  of NHs in coastal region of BoB of the order of 1.4—
0.23-14.34pugm3. Concentration of ambient NHgas in 2.9 ug nt3. Carmichael et al. (2003) also reported high4NH

Ann. Geophys., 30, 371377, 2012 www.ann-geophys.net/30/371/2012/
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concentrations (6'4_7'1“9_“2') at two sites (Bhubneswar Table 3. Correlation matrix of ambient N§g NO, NG, and SQ
and Berhampur) of the western coast of BoB. West-east poSg;ith meteorological parameters over BoB.

itive gradient observed in the western coast of BoB could be

due to transport of Nkllocally, since we do not have any NH; NO NO, SO, Temp SSTemp RH
record of dissolved NKlin seawater and N]H in the sea N Too

water. It is difficult to comment on comparative quantifica- o> 004  1.00

tion of biogenic oceanic source of Niue to phytoplankton NO, -056* 0.28 1.00

and sea birds as compared to anthropogenic activities. Nor- S —-0.58* 051 025 1.00

man and Leck (2005) reported distribution of Biith the -SI—ES?Sm :8'(2); 8'13 8'5? 8'52 01%1 100
range of 1.1-3.2nmol I’T? (0019—0054 Hg m3) in the ma- RH P 70:09 0:21 70_;50* O_ég O..20 0'(.)9 1.00

rine boundary layer over Atlantic and South Indian Ocean

during Cruise99. They also connected peak value 0§ MH . g iicant at 596 levelf = 600

biomass combustion and dust sources on the African conti-

nent. Compared to these data, it may be concluded that NH

concentrations over BoB are quite high. Since the lifetimePutaud et al., 1992) and mostly done over the southern In-

of ambient NH gas is short (1-5d), particularly in the hu- dian Ocean. Using aircraft data, Reiner et al. (2001) have

mid oceanic atmosphere, conversion to particulatg;N$i  reported S@ profiles with surface concentration of the or-

supposed to be very fast (30 %%1. In the middle region of  der of 0.63 pg m? within the area of 8.1-8°3 and 69.7—

BoB and southern part of BoB, ambient Wi$ of the order  70.1° E. They have reported an elevated layer with con-

of 1-2 ug 3. centration>1.9 ug nt2 just above 2000 m altitude. In the
Observation of nitric oxide (NO) over BoB is not re- present study, average concentration ob 8@s recorded as

3 . . . . . . .
ported so far except over the Indian Ocean (Naja et al., 19999-80 Mg nT* with a day/night ratio of 1.15. Since its lifetime

Rhoads et al., 1997). The reported value over the ArabiariS & few days, transport of continental $© BoB, which is
Sea and North Indian Ocean varies in the range of 0.06-Surrounded by densely polluted areas, changes the concen-

0.19 pg 3. In the present study, average concentration Oftrat?on, depending on the wind pattern. In Fhe eastern coastal
NO was of the order of 1.89 pgT with day/night ratio 0.98, ~ €gion, gaseous Sshows low value and it seems that the
one order higher than the reported value over the Arabiarp@S-Phase of Sfhas been immediately converted to 50
Sea. Spatial distribution of NO shows two peaks in the southd" the region.

ern part of BoB with low values in the coastal region and _Spatial distribution of sea surface temperature (SST), am-
middle of BoB. The peak value of NO resembles the peakb'e”t temperature and relative humidity (RH) are plotted
of SST and RH. Due to its short lifetime, source of NO in Over BoB (Fig. 4). North-to-south positive gradient in am-
the southern BoB is obviously marine rather than continen-Pient temperature and SST is noticed with peak value in the

tal transport. The conversion from gaseous NO to particulateouthermn of BoB, whereas spatial distribution of RH shows
NOj is unlikely in the southern BoB. zonal gradient. Influences of ambient temperature and RH

on aerosol could be identified in nitrate formation (Seinfeld
and Pandis, 2006). During daytime with increasing UV radi-
ation, NO rapidly converts into N£in the presence of tD

Observation of in-situ N@over the Indian Ocean, particu-
larly BoB, is very limited and only supported by satellite ob-

servations (Kunhikrishnan et al., 2004; Franke et al., 2009)'and atmospheric NPreacts with hydroxyl radical (OH) to
They showed that the central Indian Ocean in the Southerqorm the nitric acid (HNQ). However, SQ also reacts with

Hemisphere is not always as pristine as observed earlierdurthe hvdroxvl radical (OH) to form sulbhuric acid $8
ing the winter monsoon period, but is polluted during the ydroxyl radical (OH) rm sulphuric acid §80s).

o . ! .~ During nighttime, NQ is the source of the HN§In the at-
monsoon transition periods by pollution plumes from Africa mosphere. NO reacts either with the Nto form N,O
and Southeast Asia. Generally, the most polluted region is P - NQ S

the BoB, which is influenced by Indian and south-east Asian"VNich reacts with OH to form HNE) or NO; directly reacts
outflow during most of the year and China during part of theW'th water vapor to form I-_|N@dur|_ng nlght_t|me. The re-
year. In the present study, average concentration of Ne action of HNG or HoSOy with NH.3 is reversible and forms
recorded as 0.31 ug™ with a day/night ratio 0.79. Con- NHaNOszand (NH)2SCy, respectively.

centration of NQ is very low and very often it is observed to
be below the lower detection limit (LD 0.04 pug n3) of

the instrument (N@-analyzer; model: CLD88p; M/s. ECO

Physics AG) at few locations over BoB. Correlations of these|, the present study, the concentration of ambiengNWD,

Frace gases with meteorological parameters are summarizqqo2 and SQ were measured over BoB. The prominent lat-

in Table 3. itudinal and longitudinal variations of the trace gases were
Similarly, measurement of SQover the Indian Ocean is observed over BoB, whereas Nidnd NO showed the non-

also very limited (Reiner et al., 2001; Shon et al., 2001; significant diurnal variation. The average concentration of

4  Conclusion

www.ann-geophys.net/30/371/2012/ Ann. Geophys., 30, 3314 2012
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ambient NH, NO, NO, and SQ were recorded as. A8+ Ocean: comparison of model results with satellite data, At-
1.78, 189+ 1.26, 031+ 0.14 and 080+ 0.30 ugnr3, re- mos. Chem. Phys., 9, 7289-73@bj:10.5194/acp-9-7289-2009
spectively, with a range of 0.23-14.34, 0.21-9.80, 0.10-1.00 2009.

and 0.35-3.53 ug n¥, respectively. Coastal region of BoB Gibb, S. W. and I\_/Iantou_ra,_ R.F. C. chan-atmosphere_exchange
reported large concentrations of NHNO, NO, and SG, anq atmospheric speugﬂon of ammonla.and methylamines in the
suggesting the role of continental influence in addition to ;%gl'qug tgggl\;\gv Arabian Sea, Global Biogeochem. Cycles, 13,
biogenic sources, particularly near Kolkata and Chennai re- ' '

. f high . Gibb, S. W,, Mantouura, R. F. C., and Liss, P. S.: Ocean-atmosphere
gions. Presence of higher concentrations of $i@n ex- exchange and speciation of ammonia and methylamines in the

pected in the south of BoB suggest biogenic sources, partic- region of the NW Arbian Sea, Global Biogeochem. Cycles, 13,
ularly the role of DMS (dimethyl sulfide). Since we do not  161-178, 1999b.

have measurement of DMS or its precursor MSA (methane-johnson, M., Liss, P., Bell, T., Lesworth, T., Baker, A., Hind, A. J.,

sulfonic acid), it is difficult to conclude for certain. Farhana, B., Jickells, T., Woodward, M., and Gibb, S.: Field ob-
servations of the ocean-atmosphere exchange of ammonia: Fun-
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