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Abstract

Systematic monitoring of the fluctuations in atmospheric SO, oxidation effi-
ciency—measured as a molar ratio of SO} to total SO, (SO, =S0O, +S0%"),
referred as S-ratio—have been performed during a major long range plume
transport to northeast India (Shillong: 25.67°N, 91.91°E, 1064 m ASL) in March
2009. Anomalously low S-ratios (median, 0.03) were observed during the epi-
sode—associated with a cyclonic circulation—and the SO?" and SO, exhibited
unusual features in the ‘relative phase’ of their peaks. During initial days, when
SO, levels were dictated by the long range influx, the SO and SO, variabili-
ties were in anti-phase—for the differing mobility/loss mechanisms. When SO,
levels were governed by the boundary layer diurnality in the latter days, the an-
ti-phase is explained by a ‘depleted OH leve'—major portion being consumed
in the initial period by the elevated SO, and other pollutants. Simulations with a
global 3D chemical transport model, GEOS-Chem (v8-03-01), also indicated
‘suppressed oxidation conditions’—with characteristic low S-ratios and poor
S0O,-SO% phase agreements. The modelled OH decreased steadily from the
initial days, and OH normalized to SO,—referred as OH
low during the ‘suppressed S-ratio period’. Further, the geographical distribu-

specific—Was consistently
tion of modelled OH showed a pronounced minimum over the region sur-
rounding (20°N, 95°E) spanning parts of northeast India and the adjacent re-
gions to the southeast of it—prevalent throughout the year, though the magni-
tude and the area of influence have a seasonality to it—with significant implica-
tions for reducing the oxidizing power of the regional atmosphere. A second set
of measurements during January 2010—when prominent long range transports
were absent—exhibited no anomalies, and the S-ratios were well within the ac-
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ceptable limits (median, 0.32). This work highlights the GEOS-Chem model
skill in simulating/detecting the ‘transient fluctuations’ in the oxidation effi-
ciency, down to a regional scale.
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1. Introduction

Hydroxyl (OH) radicals many a time are aptly called ‘detergent of the atmos-
phere’, for the photochemical reactions initiated by them play crucial roles in the
oxidation of huge quantities of natural and anthropogenic gases. The primary
source of OH in any unpolluted lower tropospheric region is the photolysis of
ozone, and a subsequent reaction with water vapour [1]. Secondary OH sources
also exist in the troposphere, and the recycling of HO, mainly by reaction with
NO and O, [2] is the prominent one.

Fluctuations in photolysis rate, relative humidity (RH) and ozone abundance
can strongly affect the OH production, sometimes causing ‘transient changes in
the oxidation capacity’ of atmosphere on a regional scale. The very short life
times of OH for a high reactivity with carbon monoxide (CO) and hydrocar-
bons, especially methane (CH,) [3] [4] [5], makes its concentration levels heavily
dependent on the source and sink.

This paper reports an instance of ‘suppressed oxidation condition’ in the
local atmosphere during a major plume transport episode detected [6] at our
sampling site, Shillong, in north-east India—resulting in an anomalously low
SO, to SO conversion rate. While the molar ratio of SO  to total SO,
(SO, =S0, +S07), termed S-ratio, can be a good measure of the formation ef-
ficiency of SO?  in the atmosphere [7], its variability is directly linked to the
OH radical concentrations [8] [9] along with other factors such as boundary
layer height, long range transport, dry deposition rate etc. The observations have
been further compared with simulations employing a global 3D model of tro-
pospheric chemistry, GEOS-Chem (v8-03-01).

2. Materials and Methods
2.1. Site Description

The sampling site, Shillong (25.67°N, 91.91°E, 1064 m ASL), located in the
North-Eastern part of India, is characterized by a high annual rainfall (~2200
mm). While the high precipitation help retain a clean atmosphere via wet sca-
venging, occasional long range transport of pollutants many a time shows up
clearly over the background in the atmospheric trace gas and aerosol measure-

ments [6] [10], making it an ideal site for studying long range pollution trans-
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port episodes. Its latitudinal location and high elevation provide it with a sub-
tropical climate with mild summers and chilly to cold winters. The monsoon ar-
rives by June and rains almost until the end of August, with low intensity preci-
pitations sometimes showing up on either side of these months. The window of
opportunity for most of the aerosol and trace gas measurements at this region is

Jan - Mar every year, when hardly any precipitation occurs.

2.2. Experimental Setup

For the ambient SO, measurements, a primary UV fluorescence SO, monitor
(Thermo-43i TLE) with a lower detection limit of 0.05 ppbv was used (see

http://www.thermoscientific.com/content/tfs/en/product/enhanced-trace-level-s
0-sub-2-sub-analyzer-model-43-i-i-i-tle.html). Also see, [11] [12] [13] for de-
tailed evaluations of similar systems. The dynamic gas calibrator (Thermo-146i)

fed with a standard SO, gas (2 ppmv with N, balance gas, Spectra, USA) facili-
tated the routine onsite calibrations. See [6] for an elaborate discussion on the
instrumentation aspects of the SO, monitoring.

The experimental setup for the SO measurements comprised periodic col-
lection of fine mode aerosol samples using a high volume air sampler (Thermo)
and the subsequent measurement of inorganic anions via ion chromatography.
The aerosol samples (PM, ;) were collected on Whatman cellulose filters (200 x
250 mm?®) loaded in the air sampler (flow rate, 1.12 m*/min). In general, the
procedure involved collecting two aerosol samples (sampling duration ~6 hrs)
during daytime and one sample (sampling duration ~12 hrs) during night time.
A quarter section of each filter was then soaked in 50 mL Milli-Q water (18.2
MQ resistivity) for 4 hrs with ultrasonication performed for 20 minutes (in steps
of 5 minutes). This procedure essentially extracts all the water soluble ionic spe-
cies (WSIS) from the filter. The water extract is then passed though an ion
chromatograph (Dionex, Model 2000i/SP with CDM-3 conductivity detector, see
[14] [15] for a detailed discussion of the system) to measure the inorganic anions
(CI, NO; and SO% ). The system employs Ionpac AS14A analytical column
and AG14A guard column, in conjunction with an anion self-regenerating sup-
pressor (ASRS) in recycle mode, using 8.0 mM Na,CO,; - 1.0 mM NaHCO; as
eluent to separate the anions. The measured values were then further corrected

for procedural blanks (comprising blank filters and analytical reagents).

2.3. GEOS-Chem Model

The GEOS-Chem global 3-dimensional chemical transport model (v8-03-01;
http://acmg.seas.harvard.edu/geos/) with HO,-NO,-VOC-ozone chemistry [16]
[17] have been employed for this study. For the present simulations, the model

employed GEOS-5 assimilated meteorology having a temporal resolution of 6-h
(3-hour resolution for surface fields and mixing depths) and a horizontal resolu-
tion of 0.5° latitude x 0.667° longitude, with 72 vertical levels, regridded to 4° x
5°. The elaborate model evaluations can be found in [17] [18] [19] [20]. See, [21]
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for the aerosol sources and processes, [19] [22] for modifications related to dust
and sea salt, [23] for the wet deposition of soluble aerosols and gases, and [24]
for dry deposition via the standard resistance-in-series scheme.

The model spin up time was kept sufficiently long (12 months, from Jan 2008
to Jan 2009) to remove any influence of initial conditions. The simulations were
then performed for Jan 2009 - Apr 2010 at 4° x 5° resolutions with the standard
input.geos file (unless mentioned otherwise) distributed with the GEOS-Chem
codes (v8-03-01), that define the input parameters and emission invento-
ries-EMEP [25], BRAVO [26], EDGAR [27], Streets inventory [28], CAC
(http://wiki.seas.harvard.edu/geos-chem/index.php/CAC_anthropogenic_emissi
ons), and EPA/NEI05. The ND49 diagnostics were turned ON in the model to

generate the time series data of the various species. The primary analysis of the

model outputs were performed with the global atmospheric model analysis
package (GAMAP) (Version 2.15; http://acmg.seas.harvard.edu/gamap/).

3. Results and Discussions

Simultaneous measurements of ambient SO;  and SO, were made during a
major plume transport episode detected at our sampling site, Shillong, in March
2009. The transient changes in the atmospheric conditions that lead to the
plume transport—measured peak SO, concentrations of up to 262.3 ppbv—from
source regions in Perm, Russia are elaborated in [6]. He proposed the event to
link with a major cold air outbreak and an associated cyclonic circulation, pre-
ceding one of the dust storm events reported [29] in China. The arguments were
formulated on the basis of the HYSPLIT [30] analysis—which showed drastic
wind trajectory changes for the period wherein the back trajectories were seen
extending to the SO,, SO hot spot regions in Perm, Russia—and model si-
mulations using GEOS-Chem (v8-03-01)—that showed tropospheric SO, over
Perm peaking during Nov, Dec, Jan, Feb and Mar, possibly due to central heat-
ing (see Figure 9, in [6]).

Figure 1 shows the HYSPLIT air mass back trajectory matrices for the period,
depicting the transient changes in the atmospheric circulation patterns linked with
the cold air outbreak and the associated cyclonic circulation that led to the long
range plume transport episode. Elaborate discussion on the back trajectory analy-
sis for the period could be found in [6] wherein the analysis showed that between
8" and 15™March, the winds which were traveling in the eastward direction sud-
denly underwent a transient bending and traveled towards North- East till ~60"N
and from there it again got bend towards the south to reach the sampling site. The
daily variations in the meteorological parameters (wind speed & wind direction,
relative humidity and atmospheric pressure) recorded by an automated weather
station (AWS) near the sampling site (except for a small non-operational period
from 20 - 23" March 2009) are shown in Figure 2. The wind direction mostly re-
mained South-East with the second directional preference for South-West. A tran-

sient increase in wind speed was observed between 9" and 13" March 2009. Rela-
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tive humidity (RH) was high throughout the sampling period with a small dip be-
tween 10" and 12" followed by two spikes each on 13" and 14™. Atmospheric
pressure had been unusually fluctuating with a dip during 3" to 7 (lowest value
891 hPa) and a hump between 12" and 15" March (Max. value 903.3 hPa).
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Figure 1. The HYSPLIT air mass back trajectory matrices depicting the transient changes in the atmospheric conditions that lead
to the long range transport of pollutant plume to the sampling site in NE India during the sampling in March 2009.
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Figure 2. Daily variation of meteorological parameters at the sampling site as measured
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Anomalous features seen in the S-ratios—the molar ratio of SO?  to total
SO, (SO, 2302+SO‘2[), an indicator of the oxidation efficiency of SO, [7]
[9]—during this plume transport episode is the theme of this paper and a further
comparison is made with measurements in January 2010—when no such long
range transports prevailed.

Towards this, the sulphate (SO‘Zf) accumulated in the aerosol samples (PM, ;)
collected in periodic intervals were measured on the Dionex Ion Chromato-
graph. The median SO, concentrations for the corresponding intervals also were
obtained from the time series SO, data [6]. The S-ratios for the different sam-

pling intervals were then calculated as:
S-ratio =[S0} |/([S0,]+[ 0% ) (1)

The median S-ratio for the month is then calculated from the S-ratios for the

different intervals.

3.1. SO; and SO; Variabilities in March 2009: The S-ratio
Anomaly

When the transient long range transport brought SO, plumes to the sampling
site, the S-ratios, derived from time series SO? and SO, measurements, were
seen to be unusually low (median value, 0.03). The anomalous SO, oxidation ef-
ficiency patterns can be very well seen in the time series S-ratios for the different
sampling intervals (Figure 3), which showed a dip during 11" and 12 March

® S-ratio
—— Regression line

0.12

0.10 +

0.08 +

0.06 -

S - ratio

0.04 -

0.02 +

0.00

Mean Time (IST) and Date of Sampling

Figure 3. S-ratios calculated from field measurements, for the different sampling intervals
(mean time in Hrs shown along X-axis) in March 2009. The trend seen is a dip in the
oxidation efficiency during initial days followed by an increase.
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2009 followed by a steady ascend to reach its maximum through to 20" followed
by a decrease. The lowest ratio recorded was 0.008 (at 0159 hrs, 12" Mar) and
the highest was 0.11 (at 1620 hrs, 20" Mar). Throughout this sampling, the
S-ratios remained anomalously low.

Similarly, the measured time series SO, and SO>  (Figure 4) exhibited many
unusual features. During 9%, 10® and 11" March, the SO, variability was go-
verned predominantly by long range transport influx with minimal planetary
boundary layer (PBL) height diurnality influence. An interesting observation for
these days is that the SO, and SO?  peaks were almost in anti-phase with each
other, which may be attributed to the differing mobility pattern and loss me-
chanisms for SO, (gas) and SOff (particulate matter), to result in apparent
transit time/concentration mismatches in reaching the sampling site.

Observations similar to the one here—viz., ‘the poor S0O,-SO correla-
tions/phase-agreements in long range transported air masses’—were reported by
[9] when plumes from an accidental oil fire event [31] were detected at their
high altitude sampling site Mt. Abu, India, and had then projected the scope for
further systematic simulation/field studies on the topic.

From 12" March onwards, the SO, variability is seen to have a more PBL
height diurnality influence. During 12 to 20" also, the SO, and SO} peaks

are in anti-phase, and may be explained by a non-availability of sufficient
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Figure 4. The SO’ and SO, (median) concentrations during each sampling interval
(mean time in Hrs shown along X-axis) in March 2009. During the initial days, when SO,
levels were dictated primarily by the long range transport influx, the SO? and SO, va-

riabilities were almost in anti-phase.

DOI: 10.4236/jep.2017.810071

1127 Journal of Environmental Protection


https://doi.org/10.4236/jep.2017.810071

T. Francis et al.

enough OH radicals, which were possibly heavily utilized for the oxidation of
large amounts of SO, [6] and other pollutants [10] in the initial days, to lead to a
‘suppressed oxidation condition’ for the local atmosphere—as evidenced by the
anomalously low S-ratios.

During 21* to 26™, when SO, reduced significantly compared to the initial
sampling days, the SO, and SO} time series variations came in-phase with
each other indicating the initiation of a regain of the oxidizing power of the at-

mosphere via a buildup of sufficient OH.

S-ratio Dependence on SO: Levels
Figure 5 depicts the S-ratio variabilities as a function of SO, during the different
sampling intervals in March 2009. The ratio is seen to be high at low SO, con-
centrations and decreased monotonically with increasing SO,, asymptotically
approaching a value of 0.01 at high SO, concentrations—an observation quite
similar to the one reported by [32]. But they reported the S-ratio to asymptoti-
cally approach a value of 0.1 at high SO, concentrations and suggested such a
behavior to be consistent with a conversion of about 10% of the fuel sulphur to
SO? in the source region followed by (1) oxidation of the SO, to SO? as the
plume transported downwind (2) dilution of the plume with air containing a
high fraction of the sulphur present as SO or (3) a combination of these two
processes.

To further explore the notion of ‘suppressed oxidation condition’ over the

sampling region and assess the factors contributed to the anomalous low S-

0.16

0.14 - *  S-ratio
—— Regression line

0.12

0.10 +

0.08 -

S - ratio

0.06 -

0.04 4

0.02 +

0.00 T T T
0 100 200 300 400

SO, Concentration (ug/m®)

Figure 5. S-ratios plotted as function of SO, concentration, for samples collected during
the plume transport episode in March 2009. The ratios are high at low SO, concentrations
and decreased monotonically with increasing SO,, asymptotically approaching a value of
0.01 at high SO, concentrations.

DOI: 10.4236/jep.2017.810071

1128 Journal of Environmental Protection


https://doi.org/10.4236/jep.2017.810071

T. Francis et al.

ratios, simulation studies with the chemical transport model also were per-

formed, and is detailed below.

3.2. GEOS-Chem Simulation Studies

The GEOS-Chem (v8-03-01) runs were performed with the inventories dis-
cussed previously—employing the standard input.geos file—to generate time se-
ries SO, and SO?" for the 4° x 5° grid cell containing the sampling site, and the
S-ratios were derived for March 2009. Similar to the experimental observations,
the simulations also showed anomalous low S-ratios during 10" to 16™ March,
and the time series SO, and SO~ variabilities exhibited poor phase agreement
(Figure 6).

To study the scenario further, time series OH radicals were generated (Figure
7), from the model by turning ON the ND49 diagnostics. The OH decreased
steadily from 7" March 2009 to reach the lowest of the month on 16, followed
by an ascend. Further, the time series OH normalized to time series SO,, referred
here as OHj,.5 gave ‘consistently suppressed values” during 10" to 16™ (Figure
8), thus explaining the observed ‘S-ratio anomaly’ for the period.

Having seen ‘suppressed oxidation conditions’ in both experiments and si-
mulations, it is worth assessing the contributions from factors such as ‘Trans-
port’, ‘dry deposition’ and ‘dust load’ to the scenario. Sensitivity simula-
tions—similar to the ones performed by [9]—can help resolve some of these

factors and are detailed in the following sections 3.2.1 to 3.2.3. From these, the
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Figure 6. Time series SO,, SOi’ and S-ratios from GEOS-Chem model for March 2009,
for the 4° x 5° grid cell containing the sampling site. Similar to the experimental observa-
tions, the simulations showed anomalous low S-ratios during 10" to 16™, and the SO, and

SO? variabilities exhibited poor phase agreement.
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Figure 8. Time series OH (molecules/cc) normalized to time series SO, (PPBV) from the
GEOS-Chem model-referred as OH,
site, for March 2009. The OH

-for the 4° x 5° grid cell containing the sampling

specific

secific §AVe ‘consistently suppressed values’ during 10” to 16

effect of switching OFF different ‘processes’ on the SO,, SO’ , and S-ratios are
assessed via the equation:

ASpecies = (Species’ — Species)/Species x100% (2)

(process)

where:
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ASpecies ,os) = Percent Difference in Species concentration/value in the ab-
sence of the ‘Process’

Species = Species concentration/value from the baseline run employing the
standard input.geos file

Species'= Species concentration/value from the sensitivity run with the par-
ticular ‘process’ turned OFF

The ‘Species’ mentioned here are SO,, SO?”, and S-ratio respectively.

3.2.1. Effect of Transport on the S-ratio Anomaly
To assess the role of transport on the anomalous low S-ratios and poor
SO,-SO;" phase agreements, sensitivity simulations were performed with
“Transport OFF’. The ‘percent difference in SO,, SO}, and S-ratios in the ab-
sence of transport’ (Figure 9) for the GEOS-Chem 4° x 5° grid cell containing
Asoif(mmmn)

spectively are then obtained via the Equation (2). Here, the ‘process’ in the equa-

the sampling site, termed ASOyr,ansportys and AS-ratio ransporty €-
tion is ‘“Transport’.

The ASO,(rranspory Showed negative values during 3" to 11" March 09 with the
lowest on 8" (except for a slight increase on 9™). This suggests the prominent
‘long range transported SO, presence’ over the sampling region during 3™ to
11", supporting the observations of [6]. It then increased (switched to positive)
during 12" to 15" March, possibly suggesting an ‘accumulation’ of long range
transported SO, over the sampling region in the ‘absence of transport’. The
ASOi_(TranSpon) also decreased during 3™ to 11™ March (except for the slight in-
crease on 9" and 10") with minimal diurnal fluctuations. The values then in-

creased from 12® March, giving a peak between 12" and 16™—indicating that

— A SOZ (Transport)
—— ASO”

(Transport)
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—— A S-ratio (Transport)
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Figure 9. ASO,qanspory ASOY (Transportp aNd AS-Tatio 0 from sensitivity simulations,
for the GEOS-Chem 4° x 5° grid cell containing the sampling site. The AS-ratio ynspory
showed a major enhancement during 10" to 16™ March suggesting that the “Transport’
caused significant reductions in the S-ratios (max: 114%, on 13™).
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the transport significantly reduced the SO? levels over the sampling region
during this period, possibly attributed to the enhanced presence of other pollu-
tants including CO and NO, competing for the available OH and hence reducing
the SO, oxidation rate as will be detailed in Section 3.2.4.—and the enhancements
were much more pronounced than that of ASOy,4uspory- The diurnal fluctuations
in ASOi'(

showed a major enhancement during 10" - 16™ March suggesting that the

Transport) during these days were very minimal. The AS-ratio r,nspor
“Transport’ caused significant reductions in the S-ratios (max: 114%, on 13™
March), during these days due to the enhanced presence of SO, compared to
SO? when ‘Transport is ON’—explained by the OH deficiency, for the high
pollutant levels.

The predominant presence of SO, compared to SOif in the model predic-
tions are similar to the experimental observations and support the arguments of
[6]—viz. the ‘enhanced transport’ of SO, containing plumes, associated with the
cold air outbreak and dust storm events [29] [33], has contributed to the high
SO, levels. Also this sensitivity simulation supports the notion that ‘SO,-SO;
anti-phase in the initial days were governed by the long range transport patterns’
of the two species, with their ‘relative transit-time/loss-mechanism mismatches’

being a prominent factor.

3.2.2. Effect of Dry Deposition on the S-ratio Anomaly

Dry deposition is known to play major roles in the removal of air pollutants
from atmosphere [9] [34]-[41]. To study the effect of dry deposition on the poor
S0O,-SO% phase agreements and anomalous low S-ratios, sensitivity simula-
tions were performed with ‘Dry Deposition OFF’. The ‘percent difference in SO,,
SO, and S-ratios in the absence of Dry Deposition’ (Figure 10) for the 4° x 5°
grid cell, termed ASO ASO;

spectively, are then obtained via the Equation (2). Here, the ‘process’ in the equ-

2(DryDeposition)> DryDeposition) and AS'ratlo(DryDeposition) re-

ation is ‘Dry Deposition’.

The ASO,prypeposiiony gaVe only positive values throughout March 2009, but
with varying magnitudes. During 10" to 15", it showed very minimal diurnal
variation and the dry deposition losses were among the lowest of the month. The
ASO;

the values were negative, with the lowest on 3™ and 4™ showing the prominent

DryDepasiion)  §2Ve both positive and negative values. During 3" to 9" March
‘dry deposition’ effects in enhancing the SO} during this period—possibly at-
tributed to the enhanced levels of other pollutant gases in the absence of dry de-
position, competing for the available OH and hence reducing its availability for
SO, oxidation. The ASO?

March with the peak on 11" and 12™ and exhibited minimal diurnal fluctuations.

(nyDeposiciony  SWitched to positive during 1™ - 14"

In other words, during these days the ‘dry deposition’ significantly reduced the
g y y dep g Y

SOi’ concentration. The AS-ratiop,ypeposiiony T€mained mostly negative

throughout March 2009, indicating that the ‘dry deposition’ has been enhancing

the S-ratio—as suggested by [8], that when dry deposition losses are minimized,

an enhanced retention time for SO, can lead to efficient oxidation to SO} .
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Figure 10. ASO ASO;”
simulations, for the GEOS-Chem 4° x 5° grid cell containing the sampling site. The
AS-1atio p,ypepositiony iNCreased (less negative) during 10" to 14™ March with values touch-
ing almost zero (on 11™).

2 (DryDeposition) (DryDeposition) and AS-ratio (DryDeposition) from sensitivity

During 3™ to 9" March, the S-ratio enhancement due to ‘dry deposition’ is
among the highest of the month. The AS-ratiop,ypeposition) iNCreased (less nega-
tive) during 10™ to 14™ with values touching almost zero (on 11™ March). In
other words, during this period the S-ratio enhancements due to ‘dry deposition’
were very minimal. This may be explained as follows. In the absence of dry de-
position, the enhanced retention time of SO, is expected to enhance the SOi’
formation [8] via the oxidation by OH. But since the OH
riod is very low the oxidation efficiency is very minimal, and so the enhance-

speciic values for this pe-
ment in SO} via the oxidation process is negligible even while the dry deposi-
tion is switched OFF.

3.2.3. Effect of Dust Load on the S-ratio Anomaly

The sampling period in March 2009 had witnessed occasional rise in the at-
mospheric dust load [6] [10] [33]. It is known that reactions with mineral par-
ticles influence sulphur budgets downwind dust source regions [9] [42] [43]
[44]. In order to assess the ‘dust load’ factor in the OH levels and photochem-
ical activity, sensitivity simulations were performed with ‘dust emission OFF’.
The ‘percent difference in SO,, SO?", and S-ratios in the absence of Dust
and AS-ra-

ti0 pusiemissiony eSPectively, are then obtained via the equation (2). Here, the

Emission’ (Figure 11), termed ASO,puuemission Asoif(

DustEmission )

‘process’ is ‘Dust Emission’.
The ASOZ(DustEmission

spikes each on 5" and 6" March. Many positive spikes with diurnal variability

, mostly gave positive values except for the two negative

were seen during 7* to 12%, with the most prominent one on 10" March, imply-

ing that the dust emission has been pulling down the SO, levels during these
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Figure 11. ASO
simulations, for the GEOS-Chem 4° x 5° grid cell containing the sampling site.

2- . P
2 (DustEmission)? ASOA (DustEmission) and AS-ratlo (DustEmission) from Sel’lSlthlty

AS-ratio p,ygmision) MOstly gave negative values with the lowest values seen on 10" and 11®
March (min. —1.75%) followed by a steady ascend to reach near zero by 14"

days. During 13" to 15%, the ASO,puq pmission) @g2in showed minimal spikes (in
the positive direction). The ASO}
spike on 7™ March. It mostly gave negative values with the lowest (most nega-

(DustEmission) showed a prominent negative
tive) seen during 10" and 11" —viz., the dust emission helped enhance the SO3
levels during these days—followed by a steady ascend to reach near zero values
by 14", The AS-ratiop,yemission Mmore or less followed the ASO;
riability pattern. AS-ratio p,ggmision) MOStly gave negative values with the lowest

(DustEmission) va-
values seen on 10" and 11™ March (min: —1.75%) followed by a steady ascend to
reach near zero by 14™. In other words, the ‘dust emission’ enhanced the S-ratios
during 10" and 11", which then reduced to near zero by 14" March.

3.2.4. The Role of CO and NOx on the S-ratio Anomaly
Based on projections from photochemical box model studies [45]-[51], the var-
ious possible scenarios arising out of low/high NO, conditions to the OH availa-
bility in a polluted atmosphere are vividly discussed in [2]. They forecast ‘poor
OH recycling efficiencies’ to prevail under depleted NO, and elevated CO and
CH, concentrations. On the contrary the system would go autocatalytic at high
NO, conditions when the OH recycling is quite efficient, leading to a runaway of
oxidants. Also, they projected that the high NO, system leads to unstable condi-
tions and that short periods with high (initially autocatalytic) OH formation
were to follow long periods of OH suppression.

To assess the possible roles by the CO and NO, in the anomalous OH fluctua-
tions—and hence to the poor S-ratios—time series concentrations of these spe-

cies were obtained from the model along with time series PBL (Figure 12) via
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Figure 12. The time series NO,, CO and PBL height from GEOS-Chem model, for the 4°
x 5° grid cell containing the sampling site. The NO, showed a dip on 10" March which
coincided with the triggering of ‘below threshold OH,, . > while the CO remained high
especially during the few days preceding 10™.

DOI: 10.4236/jep.2017.810071

1135 Journal of Environmental Protection


https://doi.org/10.4236/jep.2017.810071

T. Francis et al.

the ND49 diagnostics. The NO, showed a dip on 10" March which coincided
with the triggering of ‘below threshold OHj,.;., while the CO remained high
especially during the days preceding 10" March (the percentage reduction in the
night time CO on 10" March was less significant when compared to those of
NO,)—a scenario quite similar to the one mentioned in [2]. The night time dip
in NO, and CO on 10™ March also coincided with a higher night time PBL on
the 10™. The depleted NO, on 10™ could have triggered a ‘period of poor OH re-
cycling’ efficiency which when coincided a high SO, influx from the long range
transport, possibly contributed, at least in part, to the ‘period of OH suppression’

and to the anomalous low S-ratios.

3.3. An OH Minimum in NE India and the Neighboring Region

The degree of temporal and spatial variability of tropospheric OH and its effects
on the species life time has been a topic of debate [52]-[57]. In the wake of the very
limited direct OH radical measurements available for the region, GEOS-Chem
model simulations can help provide significant insights into the geographical dis-
tribution pattern of OH.

Figure 13 shows the mean OH concentrations for different months of the year
2009, from the GEOS-Chem model. A clear OH minimum is seen over the re-
gion surrounding (20°N, 95°E) spanning parts of the north-east India and the

adjacent regions to the south-east of it. This minimum is prevalent throughout
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Figure 13. The geographical pattern of the distribution of OH radical for different months of the year 2009, from the GEOS-Chem
model. A clear minimum is seen over the region surrounding (20°N, 95°E) spanning parts of the north-east India and the adjacent
regions to the south-east of it. This minimum is prevalent throughout the year, though the magnitude and the area of influence

have a seasonality to it.
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the year, though the magnitude and the area of influence have a seasonality to it.
This model prediction of an OH minimum can have significant implications to
the present understanding on the oxidizing power of the regional atmosphere
and hence on the air quality, especially during the long range pollution transport
episodes associated with spring time cold air outbreaks. For example, [58] from
their model studies showed that an ‘OH minimum’ in west Pacific could reduce
the upper free tropospheric aerosol surface area density by up to 25% (due to
less efficient conversion of SO, into sulphate), while that in the lowermost stra-
tosphere increase by more than 5% (due to increased SO, transport into the
stratosphere and conversion into sulphate at higher altitudes).

It is clear that the OH minimum conditions reflected in the model simula-
tions, for the region, could well be the possible explanation for the suppressed
S-ratio values during the plume transport episode in March 2009. The ‘OH
minimum’ in the model simulations along with the ‘anomalous low S-ratios’ in
the field measurements, underlines the impending need for systematic field
measurements of OH in north-east India and the adjoining regions—in the wake

of the region’s growing anthropogenic emissions.

3.4. SOi_ , SO2, and S-ratio Variabilities in January 2010

The simultaneous measurements of ambient SO, and SO were again per-
formed at our sampling site, in January 2010. This sampling period didn’t see
any major long range transports [6] and the air mass back trajectories extended
mostly to the Indo-Gangetic plane (figures not shown). For this month, no any
kind of anomalies were seen in the SO, oxidation efficiencies, and the S-ratios
(Figure 14) were well within the acceptable limits, with a monthly median value
of 0.32. The S-ratio values for this month are comparable to those reported by
[9], for their western Indian site, Mt. Abu. A very good phase-agreement is seen
between the SO, and SO} time series during the different sampling intervals
for this month.

This observation of an in-phase varying time series SO,-SO’™ and a monthly
median S-ratio value on par with those reported from western India [9], would
possibly imply that under the present local emission conditions of the region, the
oxidizing power of the regional atmosphere is still somewhat sufficient to have
normal oxidation rates for the trace gases including SO,, which becomes insuffi-
cient during major long range pollution transport episodes—peaking in the
spring time [6] [10] when cold air outbreaks cause significant pollutant trans-

port from far flung regions.

4. Conclusions

We have reported an instance of ‘suppression in atmospheric SO, oxidation effi-
ciency’ during a major plume transport episode detected at our sampling site
Shillong (25.67°N, 91.91°E, 1064 m ASL). Anomalously low S-ratios (median,

0.03) were observed in the field measurements during the episode in March 2009
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Figure 14. The time series SO?" and SO, (median) concentrations as well as S-ratios during each sampling interval (mean time

in Hrs shown along X-axis) for the sampling period in January 2010. The S-ratios for this month were well within the acceptable

limits and phase-agreement is seen between the SO, and SO?  variabilities.

and the time series SO;  and SO, exhibited unusual features in the ‘relative
phase’ of their peaks. During the initial days, when SO, levels were dictated pri-
marily by the long range transport influx (viz. high SO, levels even during the
high PBL conditions in daytime), the SO?~ and SO, variabilities were almost in
anti-phase—which has been attributed to the differing mobility patterns and loss
mechanisms for the two species. When SO, was governed primarily by the PBL
effects in the latter days (viz. low (high) SO, levels during day (night) time when
PBL is high (low)), the anti-phase is explained by a ‘depleted OH level’—a major
portion of which were possibly consumed in the initial days for the oxidation of
large amounts of SO, and other pollutants.

Simulations employing the GEOS-Chem (v8-03-01) model, also showed sup-
pressed oxidation conditions during 10™ to 16™ March 2009, with characteristic
low S-ratios and poor SO,-SO%  phase agreements, which are explained by a
steadily decreasing OH from 7™ to 16" Further, the OH normalized to SO,, re-
ferred as OH

from ‘Transport’, ‘Dry Deposition’ and ‘Dust Emission’ to the suppressed oxi-

specificc Was consistently low during the above days. The contributions
dizing conditions were also assessed through sensitivity simulations. The
“Transport’ caused major reductions in the S-ratio (max: 114%, on 13") during
10" to 16™ March. The ‘dust emission’ is seen to boost the S-ratios by up to
1.75% (during 10™ and 11™). The time series NO, from the model showed a dip
on 10"™ March which coincided with the triggering of ‘below threshold OHgpecinic »
while the CO remained high—a scenario which could have possibly helped, at
least in part, trigger a ‘poor OH recycling efficiency’. The geographical distribu-
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tion pattern of OH from the GEOS-Chem model showed a pronounced mini-
mum over the region surrounding (20°N, 95°E) spanning parts of northeast In-
dia and the adjacent regions to the southeast of it—prevalent throughout the
year, though the magnitude and the area of influence have a seasonality to
it—with significant implications to reducing the oxidizing power of the regional
atmosphere. A second set of SO, and SO?  field measurements during January
2010—when no major long range transports prevailed—showed no any kind of
the anomalies of the former sampling month and the S-ratios were well within
the acceptable limits, with a monthly median value of 0.32. These observations
possibly imply that under the present local emission conditions of the region, the
oxidizing power of the regional atmosphere is still somewhat sufficient to have
normal oxidation rates for the pollutant gases, while the OH become insufficient
during major long range pollution transport episodes—peaking during the
spring time when cold air outbreaks cause air mass transport from far flung re-

gions.
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