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• Assess molar ratio of SO2−
4 to total SOx (SOx = SO2 + SO2−

4 ) at a high altitude site.
• Observed patterns are validated against GEOS-Chem model simulations.
• The ratios from field measurements as well as simulations exhibit a seasonality.
• Assess contributions from PBL, OH, RH, dust load, transport and dry deposition.
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a b s t r a c t

The oxidation efficiency of atmospheric SO2, measured as a molar ratio of SO2−
4 to total SOx

(SOx = SO2 + SO2−
4 ), referred as S-ratio, have been studied from a high altitude site (Gurushikhar, Mt.

Abu: 24.6° N, 72.7° E, 1680 m ASL) in a semi-arid region of western India. A global 3-dimensional Chem-

ical Transport Model (CTM), GEOS-Chem (v8-03-01), is employed to interpret the observed patterns. The

S-ratios derived from time series SO2 and SO2−
4 measurements exhibited a pronounced seasonality, with

relatively low ratios in Feb–Mar 2010, high ratios in Nov–Dec 2009 and intermediate values in Sep–Oct

2009. The lower S-ratios for Feb ‘10 and Mar ‘10 (median values 0.10 and 0.08 respectively) have been

attributed to the relatively high planetary boundary layer (PBL) heights – to reduce the SO2 loss from the

atmosphere via dry deposition – as well as the lower OH radical levels and low ‘aged air mass influx’

during these months. On the other hand, low PBL heights and significant long range transport contribu-

tions are projected to be the possible causes for the higher S-ratios during Nov ‘09 and Dec ‘09 (median

values 0.30 and 0.28 respectively). The seasonal patterns for the S-ratios predicted by the CTM for the

GEOS-Chem 4° × 5° grid cell containing the sampling site showed highest ratios in Jul–Aug, and the low-

est in Apr. The model has been employed further to study the contributions from various parameters to

the S-ratios such as PBL, OH, RH, dust load, transport pattern and dry deposition. Sensitivity simulations

showed the S-ratios enhancing with dust load with the peak in May (∼4.7% (median)). Similarly, the ‘dry

deposition’ is seen to boost the S-ratios with the peak in August (∼66.3% (median)). Also, model simula-

tions to assess the ‘altitudinal dependence of S-ratios’ have revealed a pronounced seasonal behaviour.

© 2015 Elsevier Ltd. All rights reserved.
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. Introduction

The aerosol sulphate (SO2−
4 ) formation in the atmosphere is

redominantly via the oxidation of its precursor species sulphur

ioxide (SO2) (EPA I, 1996; EPA II, 1996), and proceeds through ho-

ogeneous as well as heterogeneous pathways. Studies by earlier
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orkers (Hidy et al., 1978; Husar and Patterson, 1980) indicated

hat the molar ratio of SO2−
4 to total SOx (SOx = SO2 + SO2−

4 ),

ermed S-ratio, exhibit a seasonality. Further, Kaneyasu et al. (1995)

howed that the S-ratio can be best used as a measure of the

ormation efficiency of SO2−
4 in the atmosphere. Miyakawa et al.

2007) suggested that the seasonal variation of S-ratio is linked to

he seasonality in the boundary layer height and photochemical

ctivity. They proposed that the higher planetary boundary layer

or summer results in reduced loss rate of SO2 via dry deposition

hich in turn causes an efficient oxidation of SO2 to SO2−
4 before

oss onto the surface, to enhance the S-ratio.

http://dx.doi.org/10.1016/j.atmosenv.2015.09.021
http://www.ScienceDirect.com
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Similarly the production rate of OH radical – the major species

responsible for the atmospheric oxidation process (Levy, 1971) –

is influenced by the incoming solar radiation (insolation) intensity

as well as the water vapour content. The seasonal changes in the

transport pattern of polluted air and the resulting variability in the

aged air mass input also could contribute to a seasonal variability

in the S-ratio.

This paper presents a study assessing the seasonal patterns in

S-ratios over a semi-arid region in western India. The analysis in-

cludes deriving monthly median S-ratios from field measurements

of SO2 and SO2−
4 and comparing with those from a global 3D

chemical transport model (CTM), GEOS-Chem (v8-03-01).

A remote high altitude site (Gurushikhar, Mount Abu) was

opted for the experimental study.

2. Materials and methods

2.1. Site description and meteorological parameters

The sampling site, Gurushikhar, Mt. Abu (24.6° N, 72.7° E,

1680 m ASL) is a remote high altitude mountain site in a semi-

arid region of western India, with minimal local emissions. The re-

gion has an annual average rainfall of about 600–700 mm spread

over Jul–Sep, during SW-monsoon. The site makes occasional entry

into the free-tropospheric zone during post-monsoon (Oct–Nov)

and winter (Dec–Feb) when the PBL is relatively low over the re-

gion (Francis, 2012). During the summer months (Mar–Jun) the site

mostly gets accommodated within the PBL. The meteorological pa-

rameters during the sampling periods (wind speed, wind direction,

relative humidity (RH), and air temperature) were recorded by an

automatic weather station at the site (Fig. 1).

2.2. Experimental setup

The experimental set up for the SO2 measurements are

elaborated in Francis (2012) and is briefed here. A primary UV

fluorescence SO2 Monitor (Thermo – 43i TLE) was employed for

the ambient SO2 measurements. The performance evaluations

of similar systems are reported elsewhere (Igarashi et al., 2004;

Luke, 1997; Luria et al., 1992). The manufacturer claims that the

Model 43i-TLE measures SO2 at levels never before achieved,

down to a 0.05 ppb level (300 s averaging time) (see http:

//www.thermoscientific.com/content/tfs/en/product/enhanced-

trace-level-so-sub-2-sub-analyzer-model-43-i-i-i-tle.html). Cal-

ibrations were performed routinely with a standard SO2 gas

(2 ppmv with N2 balance gas, Spectra, USA) and zero air, employ-

ing a dynamic gas calibrator (Thermo – 146i).

For the SO2−
4 measurements, fine mode aerosol samples were

collected on Whatman cellulose filters (200 × 250 mm2) em-

ploying a high volume air sampler (Thermo) with a flow rate of

1.12 m3/min and a cut off diameter of 2.5 micron (PM2.5) – in gen-

eral three aerosol samples (sampling duration ∼4 h) were collected

during daytime and one sample (sampling duration ∼12 h) during

night time. Table 1 provides relevant details of the aerosol sam-

pling, such as date of sample collection and the number of sam-

ples collected. In the analytical procedure for the measurement of

sulphate (SO2−
4 ) in the aerosol samples, one-fourth portion of the

filter was soaked in 50 mL of Milli-Q water (18.2 MΩ resistivity)

for 4 h during which ultrasonication was performed in steps of

5 min to a total of 20 min to extract water soluble ionic species

(WSIS). In the water extracts, inorganic anions (Cl−, NO3
− and

SO2−
4 ) were measured on a Dionex ion chromatograph (Rastogi and

Sarin, 2005; Rengarajan and Sarin, 2004). The anions were sepa-

rated on Ionpac AS14A analytical column and AG14A guard column,

in conjunction with an anion self-regenerating suppressor (ASRS),

using 8.0 mM Na CO – 1.0 mM NaHCO as eluent. The measured
2 3 3
l−, NO3
− and SO2−

4 concentrations were further corrected for pro-

edural blanks (comprising of blank filters and analytical reagents).

.3. Model description

The global 3-dimensional chemical transport model, GEOS-

hem (v8-03-01; http://acmg.seas.harvard.edu/geos/) with GEOS-5

ssimilated meteorology was employed for this study. The GEOS-5

ata have a temporal resolution of 6-h (3-h resolution for surface

elds and mixing depths) and horizontal resolution of 0.5° lati-

ude × 0.667° longitude, with 72 levels in vertical extending from

urface to approximately 0.01 hPa. The model simulates HOx-NOx-

OC-ozone chemistry (Bey et al., 2001; Park et al., 2004) and elab-

rate simulation evaluations can be found elsewhere (Park et al.,

004; Wang et al., 2008; Fairlie et al., 2007; Chen et al., 2009).

The model was spun up for 12 months, from Jan 2008 to Jan

009, starting from chemical climatology; this effectively removes

he influence of initial conditions. The simulations were then con-

ucted for Jan 2009–Apr 2010 at 4° × 5° resolutions. Unless men-

ioned otherwise, the standard input.geos file distributed with the

EOS-Chem codes (v8-03-01), specifying the various input param-

ters and emission inventories – EMEP (Vestreng and Klein, 2002),

RAVO (Kuhns et al., 2003), EDGAR (Olivier and Berdowski, 2001),

treets inventory (Streets et al., 2006), CAC (http://www.ec.gc.ca/

db/cac/cac_home_e.cfm), and EPA/NEI05 – have been used, with

nly the simulation start/end dates and ND49 diagnostics – to gen-

rate the time series data – modified. Aerosol sources and pro-

esses used in the present simulation are as described by Park

t al. (2006), with the addition of dust and sea salt as described

y Fairlie et al. (2007) and Alexander et al. (2005). Wet depo-

ition of soluble aerosols and gases follows the scheme of Liu

t al. (2001) including contributions from scavenging in convec-

ive updrafts, rainout, and washout. Dry deposition follows a stan-

ard resistance-in-series model (Wesely, 1989). The model outputs

ere analysed using global atmospheric model analysis package

GAMAP) (Version 2.15; http://acmg.seas.harvard.edu/gamap/).

. Results and discussions

.1. S-ratios from experiments

At Mt. Abu, the simultaneous measurements of ambient SO2

Francis, 2012) and SO2−
4 were made during Sep ’09, Oct ’09, Nov

09, Dec ’09, Feb ’10 and Mar ’10.

The molar ratio of SO2−
4 to total SOx (SOx = SO2 + SO2−

4 ),

ermed S-ratio, for the different sampling periods were then cal-

ulated as:

− ratio =
[
SO2−

4

]
/
(
[SO2] +

[
SO2−

4

])
(1)

For this, the sulphate (SO2−
4 ) in the aerosol (PM2.5) samples

ere measured in the ion chromatograph. The median of the SO2

oncentrations for the corresponding sampling interval also were

btained from the time series SO2 (Francis, 2012). The monthly

edian S-ratio is then calculated from the S-ratios for the different

ampling intervals.

Fig. 2 shows the S-ratios for the different sampling months, and

he median values are given in Table 2. During Feb ’10 and Mar ’10

he S-ratios were lower compared to Nov ’09 and Dec ’09. Inter-

ediate between these were the values for Sep ’09 and Oct ’09.

The lower S-ratios for Feb ’10 and Mar ’10 (median values 0.10

nd 0.08 respectively) may be explained by the higher PBL heights

or these months and a resulting dilution of SO2 in the lower layers

f the atmosphere – to reduce the dry deposition losses of SO2. A

etailed discussion on the PBL effect on S-ratio, based on GEOS-

hem simulations, is given in Section 3.4.1. The relatively low

http://www.thermoscientific.com/content/tfs/en/product/enhanced-trace-level-so-sub-2-sub-analyzer-model-43-i-i-i-tle.html
http://acmg.seas.harvard.edu/geos/
http://www.ec.gc.ca/pdb/cac/cac_home_e.cfm
http://acmg.seas.harvard.edu/gamap/
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Fig. 1. Daily variation of meteorological parameters at the high altitude sampling site during September 2009 to March 2010, spanning the whole sampling months.
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Table 1

Details of the Aerosol samples collected from the high altitude site (Gurushikhar, Mt. Abu), for the SO2−
4 measurements.

Month Year No. of samples collected Sampling date (day of the year)

September 2009 17 268, 269, 270, 271, 272, 273

October 2009 16 274, 275, 276, 277, 278, 279

November 2009 23 306, 307, 308, 309, 310, 311, 312, 313, 314, 315

December 2009 30 342, 343, 350, 351, 352, 353, 354, 355, 356, 357, 358

February 2010 24 43, 44, 45, 46, 47, 48, 49, 50, 51

March 2010 43 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77
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water vapour in the atmosphere – a precursor for the OH produc-

tion via photo chemistry – during Feb–Mar, is another factor for

the low oxidation efficiency. The lower RH also reduces the prob-

abilities for heterogeneous oxidation on water droplets. The lesser

long range transport of SO2 and hence a low ‘aged air mass pres-

ence’ (Francis, 2012) could be another important reason for low S-

ratios during these months. The slightly lower S-ratio for Mar ’10

(compared to Feb ’10) may be explained by the higher PBL heights

for Mar. Even though some favourable conditions such as higher

atmospheric dust load prevail during these months – offering the

possibility for heterogeneous oxidation on dust surfaces to raise S-

ratios, as will be discussed in Section 3.4.2 – the effect seems to

be insufficient to bring up the S-ratio values to the extent that

the above negating effects are compensated. Similarly, the possi-

bility for an enhancement in the oxidation efficiency when PBLs

are high (Miyakawa et al., 2007) – for the increased atmospheric

retention time of SO2 and so an efficient oxidation to SO2−
4 be-

fore loss onto the surface – didn’t help compensate the S-ratio

decline.

The PBL heights during Nov–Dec are among the lowest of the

year (Francis, 2012), leading to a higher SO2 loss rate via dry depo-

sition. Similarly, the long range transported SO2 flux over Mt. Abu

is among the highest during Nov and Dec (Francis, 2012), enhanc-

ing the aged air mass presence (But in this case the S-ratio needs

to be interpreted with caution as it is also an indicator of air mass

ageing. Also, as will be discussed in Section 3.4.4, the S-ratios dur-

ing these months are significantly influenced by dry deposition).

The slightly higher S-ratio for Nov ’09 (0.30 (median)) compared to

Dec ’09 (0.28 (median)) may be explained by the higher OH levels

for the former.
Sampling Months

Sep '09 Oct '09 Nov '09 Dec '09 Feb '10 Mar '10

 S
- r

at
io
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Fig. 2. Experimentally obtained S-ratios at Mt. Abu during different sampling

months, showing seasonal trends. Top and bottom of the shaded box indicate 75th

and 25th percentile respectively. Whiskers above and below the box indicate 90th

and 10th percentile respectively. The horizontal line within the box marks the me-

dian.
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During Sep ’09 and Oct ’09 when intermediate S-ratio values

ere obtained (median values 0.15 and 0.10 respectively), it is pre-

umable the S-ratios are influenced either positively or negatively

y the various parameters discussed previously such as PBL, OH,

H and long range transport – the sign and magnitude of influ-

nce decided by their relative strengths. For example, during these

onths, the PBL heights are lower than those for Feb and Mar,

ausing a more efficient removal of SO2 via dry deposition while

he SO2 influx from long range transport is lower than that of Dec

Francis, 2012).

The PBL heights for Sep are lower than Oct to give a higher

-ratio for Sep ’09 compared to the latter. Similarly the higher rel-

tive humidity for Sep is another reason for the higher S-ratio in

ep ‘09 compared to Oct ’09.

.2. SO2−
4 and SO2 variability over Mt. Abu

In the following discussion, we presume that any in-phase

ariability patterns for SO2 and SO2−
4 time series would suggest

predominant local source contribution’ to the measured SO2 and

O2−
4 while an anti-phase suggest a ‘more regionality for the

ources/long range transported air mass presence’, in line with the

nferences from Myles et al. (2009). The various HYSPLIT (Draxler

nd Hess, 1998) generated 7-day airmass back trajectories em-

loyed for source apportionment in the discussions below are

hown in Fig. 3.

Fig. 4a shows the SO2−
4 and the SO2 (median) concentrations as

ell as the S-ratios for each sampling interval in Sep ’09. A promi-

ent observation for this month is that the SO2−
4 and SO2 vari-

tions were in-phase with each other but with differing S-ratios.

uring 25th and 26th Sep ’09, the SO2−
4 concentration and hence

he S-ratios were pronounced, compared to the rest of the sam-

ling days. This could be attributed to the aged air mass arrival

rom the SO2 hot-spot region surrounding 30° N, 75° E (Francis,

012), as evidenced by the HYSPLIT trajectories.

Similarly, during Oct ’09, the SO2−
4 and SO2 (median) variabili-

ies were in-phase (Fig. 4b). The SO2−
4 as well as the S-ratios en-

anced during the initial days (1st, 2nd and 3rd (till 01.29 h IST)

ct ‘09) which could be attributed to the aged air mass arrival

rom the SO2 hot-spot region surrounding 30° N, 75° E, as evi-

enced by the HYSPLIT trajectories. The SO2−
4 and the S-ratios were

ower during 3rd (from 10.33 h IST), 4th, and 5th (till 10.26 h IST)
able 2

he median S-ratio values over Mt. Abu for the different sampling months, calcu-

ated from the field measurements of SO2−
4 and SO2.

Sampling month Year S-ratio (median)

September 2009 0.15

October 2009 0.10

November 2009 0.30

December 2009 0.28

February 2010 0.10

March 2010 0.08
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Fig. 3. HYSPLIT 7-day airmass back trajectories during relevant days, for sampling periods spanning Sep–Dec 2009 and Feb–Mar 2010.
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Fig. 3. Continued
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Fig. 4. The SO2−
4 and SO2 (median) concentrations as well as S-ratios at Mt. Abu during each sampling interval (mean time in Hrs shown along X-axis) for: a) September

2009, b) October 2009, c) November 2009, d) December 2009, e) February 2010, and f) March 2010.
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ct ’09, when the back-trajectories extended to low SO2 regions in

he eastern side of the sampling site.

In Nov ’09, when major SO2 plume transports from an oil fire

vent – burning nearly 60,000 kL of oil – at a nearby location,

aipur (26.92° N, 75.82° E), were reported (Francis, 2012), the SO2−
4

nd SO (median) peaks (Fig. 4c) were in-phase during the initial
2
ays which moved out-of-phase by the second half of the sampling

eriod. This may be explained as follows. The huge oil fire released

arge amounts of SO2 to the ambient atmosphere. As the plume is

ransported, there exist various pathways deciding the SO2 levels

eaching the high altitude sampling site: (i) oxidation of the SO2 to

O2− as the plume transport downwind, (ii) dilution of the plume
4
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Fig. 5. S-ratios calculated from the model runs, for the GEOS-Chem 4° × 5° grid cell

containing the sampling site. Top and bottom of the shaded box indicate 75th and

25th percentile respectively. Whiskers above and below the box indicate 90th and

10th percentile respectively. The horizontal line within the box marks the median.
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with air containing sulphur present as SO2−
4 or (iii) a combination

of these two processes. During the initial days, the SO2 got trans-

ported predominantly compared to SO2−
4 , for the former’s higher

concentrations in the oil fire plume. This SO2 after reaching the

sampling site undergo oxidation locally to give an in-phase varying

SO2-SO2−
4 . Similarly, the high pollutant levels could have caused a

depletion of OH radicals over the oil fire site, reducing the atmo-

spheric oxidation efficiency locally and hence a low SO2−
4 , over the

oil fire site. By the second half of the sampling period when the

plume dilute with background air, the atmosphere start replenish-

ing OH and hence its oxidation power, to result in enhanced SO2−
4

production. This would result in SO2−
4 rich air parcels reaching the

sampling site by the second half of the sampling period, when the

SO2 emissions almost ceased as the fire exhausted. This mecha-

nism explains the observed anti-phase during the second half of

the sampling period. The arguments are supported with the back

trajectory analysis.

In Dec ‘09, the SO2−
4 – SO2 (median) peaks showed least agree-

ment in phase and magnitude (Fig. 4d). This could be attributed

to the enhanced long range transported SO2 air masses for this

month (Francis, 2012). When air masses are transported over

longer distances, the SO2 and SO2−
4 is expected to show poor cor-

relation, for their varying loss mechanisms and mobility patterns.

Higher altitude back trajectories (1500 m and 2000 m AGL) for this

month extend to the SO2 hot spot region in Middle East – signif-

icant industrial activity exists along the NE Saudi coast between

Bahrain and Kuwait, and some of these industries (e.g., gas desul-

furization plants) emit substantial quantities of SO2 (Daum et al.,

1993) as seen in the GEOS-Chem generated profiles for the region

(Francis, 2011) – while lower level trajectories (500 m AGL) extend

to the SO2 hot-spot region surrounding 30° N, 75° E. The obser-

vations of ‘poor SO2-SO2−
4 correlations in long range transported

air masses’ have the scope for further systematic simulation/field

studies on the topic.

During Feb ‘10, the SO2−
4 and SO2 (median) variabilities (Fig. 4e)

were in-phase with each other but with differing S-ratio val-

ues – which were pronounced during the initial sampling days.

Again in Mar ‘10, the SO2−
4 and SO2 (median) variabilities (Fig. 4f)

were more or less in-phase with only a few exceptions – towards

the end of the sampling period, when high intensity SO2 spikes

were present, the SO2−
4 peaks went out of phase with those of

SO2.

3.3. S-ratios from GEOS-Chem: comparing with observations

Fig. 5 shows the S-ratios from GEOS-Chem model for different

months of the year 2009, for the GEOS-Chem 4° × 5° grid cell con-

taining the sampling site. For this the time series SO2 and SO2−
4

were generated (every 2-h) by turning on the ND49 diagnostics

in the ‘input.geos’ file, and the S-ratios were calculated using Eq.

(1). The model generated S-ratios showed a pronounced seasonal-

ity with the highest ratios during Jul–Aug, and the lowest in Apr.

The diurnal variability patterns for the S-ratios and its seasonal

trends are elaborated in the Supplementary material.

Having calculated the S-ratios from both observations and the

model, it would be inevitable to compare the two. But, such a

comparison will be limited by the following factors: (a) While the

model calculations for each month spans whole days of the month,

the observational data covers only a few days per month, (b) The

model results are for the ground level, while the sampling site is

located at a higher altitude, (c) Inter-annual variabilities could be

influencing the comparisons – the model simulations are for year

2009, while the observations spans 2009 and 2010, (d) Single point

measurements are compared with the grid-averaged values from a

coarse resolution (4° × 5°) model run.
Despite these shortfalls, the model appears to have captured

ome of the trends in the S-ratios from field measurements. For

xample, the S-ratios for Feb–Mar are lower than those for Sep–

ct in both observations and model. Similarly the model prediction

hat the monthly median S-ratio for Sep is higher than that for Oct,

s seen to hold true in the observations too. On the other hand, the

odel results for Nov–Dec deviate significantly from the observa-

ions. While the model predicts Nov–Dec S-ratios to be lower than

hat of Sep–Oct and higher than Feb–Mar, the observations showed

ov–Dec with higher S-ratios, compared to the rest. This could be

xplained based on the discussions in Section 3.5 – where the S-

atios are shown to increase with altitude, for Dec – and clubbing

t with the shortfall (b), mentioned above – viz, the model results

re at a lower altitude compared to the observations – explain the

bserved discrepancy for Dec. With the meteorological conditions

or Nov closely resembling Dec, similar arguments could be applied

o Nov. Also, part of the discrepancies for Nov can result from the

bsence of the accidental oil fire emissions (in Jaipur: 26.92° N,

5.82° E) inventory in the model runs. As discussed in Section 3.2,

he anomalous SO2 – SO2−
4 variability patterns in the field mea-

urements during Nov ’09 were linked to the plume transports

rom the oil fire site - which is missing in the model runs.

Another prominent deviation is in the magnitudes of the

onthly median S-ratios – the model values are higher than the

bservations throughout the different sampling months, though

ith varying strengths. This could be linked to a known problem

ith the GEOS-5 meteorology fields, which suffer from an artifi-

ially low mixed layer depth at nighttime, as is discussed in Sec-

ion 3.4.1. Also, earlier studies (Drury et al., 2010) have shown a

odel bias in GEOS-Chem generated sulphate concentrations. They

ound that the model sulphate masses were 50–100% higher than

he observations. The bias was mainly in the strong aerosol source

egions of the Midwest and mid-Atlantic; and minimal bias outside

hese source regions. They suggested that the model sulphate bias

s likely caused by an overestimate of the rate of SO2 oxidation.

cKeen et al. (2007) found that regional models omitting aqueous-

hase SO2 oxidation in clouds did not overestimate the measured

ulphate. This lack of bias found by McKeen et al. (2007) for the re-

ional models incorporating only gas-phase oxidation of SO2 sug-

ests that models in general may be overestimating the contribu-

ion to sulphate from aqueous-phase SO2 oxidation in clouds, and

ence to an overestimation of the S-ratios.
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.4. Influence of various parameters/processes on S-ratio

The seasonal variation in S-ratio is presumably dictated by the

easonality in the atmospheric parameters influencing the SO2 ox-

dation and/or the seasonality in the sources and sinks of SO2 and

O2−
4 .

In Section 3.4.1, the S-ratio modulations by OH and PBL are dis-

ussed and its seasonal trends are analysed. The sensitivity simula-

ions discussed in Sections 3.4.2–3.4.4 assess the effect of switch-

ng off different atmospheric processes – dust emission, transport,

ry deposition – on the S-ratios, via the equation:

Sprocess =
(
S′ − S

)
/S × 100% (2)

here:

�Sprocess = Percent Difference in S-ratio in the absence of the

‘Process’

S = S-ratios calculated from the baseline run employing

the standard input.geos file

S′ = S-ratio calculated from the sensitivity run with the partic-

ular ‘process’ turned OFF

.4.1. S-ratio dependence on OH and PBL

The time series OH concentrations and PBL heights (every 2-h)

or the GEOS-Chem 4° × 5° grid cell containing the sampling site

or year 2009, generated via turning ON the ND49 diagnostics, are

laborated in Francis (2012). Fig. 6 shows colour coded 2D scatter

lots with S-ratios as function of OH radical and PBL height. The

-ratio values are represented as a colour bar.

It has been recently reported (Heald et al., 2012; Walker et al.,

012) that the GEOS-5 meteorology fields suffer from an artificially

ow mixed layer depth at nighttime which can produce large biases

n simulated nighttime surface concentrations of various species.

hey attempted to correct this problem by restricting the mixed

ayer depth from dropping below a minimum mechanical mixing

epth, defined as a function of local friction velocity. It may be

oted that, in the present study such a correction is not under-

aken and could possibly cause a bias in the model generated SO2

nd SO2−
4 concentrations and hence the S-ratios.

In Jan, the S-ratios show many non-systematic peaks (i.e. the

eaks which do not vary systematically with PBL and OH) - sug-

estive of transient long range transport of aged air masses. In

eb, the non-systematic peaks almost vanished, indicating the

rominent roles by PBL and OH in deciding the S-ratio. For this

onth, the S-ratios were more or less constant for OH greater

han ∼5e + 5 and PBL higher than ∼1100 m. In Mar, for OH greater

han ∼2e + 6, the S-ratio values seem to increase with PBL height,

upporting the arguments of Miyakawa et al. (2007) – a higher

oundary layer for summer results in enhanced retention time for

O2 which in turn cause an efficient oxidation to SO2−
4 before loss

nto the surface. In Apr, the PBL maximum reached ∼4000 m,

ut the OH remained similar to Mar and the monthly median S-

atio gave the lowest value of the year. During May, when the

onthly S-ratio switched to ascending mode, the PBL maximum

eached ∼4500 m and the OH maximum was ∼1e + 7. In this

onth, for OH greater than ∼1e + 6 the S-ratios are low for PBL

elow ∼500 m, while the ratios enhance for PBL above ∼2500 m.

n Jun, above an OH of ∼5e + 6, the S-ratios were enhanced for

ost PBL heights. Many non-systematic peaks (medium intensity)

re observed for this month – attributed to heterogeneous oxida-

ion pathways, for the occasional rise in RH. In Jul, the PBL maxi-

um was just ∼2500 m and OH levels were among the highest of

he year. For this month, the S-ratio peaks (high intensity) are seen

or OH greater than ∼1e + 6 and PBL below ∼1500 m. The higher

H and hence the possible heterogeneous oxidation pathways is

nother major reason for the higher S-ratios for this month, as ev-

denced by many non-systematic peaks. In Aug, the PBL maximum
as just ∼1500 m – the lowest of the year – and OH maximum

as ∼2e + 7. A combination of low PBL, high OH – for the possi-

le enhanced entrainment of moist air - along with heterogeneous

xidation pathways, helps this month record the highest S-ratio

f the year. In Sep, when the PBL increased above Aug and OH

evels decreased, the S-ratio also declined. Non-systematic peaks

ere observed for this month, attributed to the transient aged air

ass influx and/or to transient fluctuations in RH. In Oct, when the

onthly median S-ratio declined further, the PBL enhanced and

he OH decreased below the previous month. A few non-systematic

eaks (medium intensity) were noted in this month. In Nov, many

on-systematic S-ratio peaks is a prominent feature, attributed to

he aged air mass arrivals. In Dec, when the monthly median S-

atio switched to the ascending phase, the PBL decreased below

ov. Similar to Jan and Nov, many non-systematic S-ratio peaks

re observed for this month, which are due to the significant long

ange transported (hence aged) SO2 air parcel influx during this

onth (Francis, 2012).

In a similar fashion, elaborate discussions on the S-ratio mod-

lations by OH and RH and their seasonal trends are given in the

upplementary material.

.4.2. Effect of atmospheric dust load on S-ratio

Reactions with mineral particles influence sulphur budgets

ownwind of major dust source regions (Dentener et al., 1996; Li-

ones and Prospero, 1998; Zhang and Carmichael, 1999). To assess

uch effects to the S-ratios, over this semi-arid region with a high

bundance of mineral dust (Kumar and Sarin, 2009, 2010), sensi-

ivity simulations were performed with dust emissions turned OFF.

he ‘percent difference in S-ratio in the absence of dust emission

�SDustEmission)’, for the GEOS-Chem 4° × 5° grid containing the

ampling site, is then obtained via the Eq. (2). Here, the ‘process’

n the equation is ‘Dust Emission’.

Fig. 7a shows the seasonal patterns in the �SDustEmission. In the

bsence of dust emission, the S-ratios decreased below their val-

es for the baseline run. The �SDustEmission is among the lowest

uring Feb, Mar, Apr and May (when the dust load over the re-

ion build up) with peak reduction (∼4.7% (median)) in May – the

onth having the highest atmospheric dust load.

.4.3. Effect of transport on S-ratio

To study the effect of transport, sensitivity simulations were

erformed with transport turned OFF. The ‘percent difference in

-ratio in the absence of transport (�STransport)’, is then obtained

ia the Eq. (2). Here, the ‘process’ in the equation is ‘Transport’.

he �STransport showed a seasonal variability (Fig. 7b). During Dec,

an, Feb, Mar, April and May, the S-ratios enhanced in the absence

f transport, above its value for baseline runs, with highest value

n April. Near-zero/slightly negative values for �STransport were ob-

ained during Jul, Aug, Sep and Oct.

These patterns may be explained by the model predictions in

rancis (2012), wherein ‘switching off the transport’ is shown to

ause a reduction in the SO2 levels in the grid cell containing the

t. Abu region, throughout the year – suggesting that the SO2

missions within this grid cell are lower than those in the upwind

rid cells. Further, the study showed that the months Jan, Feb, Mar

nd Apr receive the minimum SO2 contribution from long range

ransport, while Jul and Dec sees the highest contribution. As dis-

ussed in Section 3.3, during Dec, Jan, Feb, Mar, April and May,

he S-ratios and hence the SO2 oxidation rates are poor over the

egion. So an enhanced influx of SO2 via transport during these

onths doesn’t enhance SO2−
4 formation significantly, but lead to

reduction in the S-ratios, for the increased SO2 levels. On the

ther hand, during Jul, Aug, Sep and Oct, favourable conditions pre-

ail for an efficient SO2 oxidation. This implies that, during these

onths, any additional supply of SO will be efficiently converted
2
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Fig. 6. Plots showing the S-ratio dependence on the OH radical concentration (molecules/cc) and PBL height (m), for the GEOS-Chem 4° × 5° grid cell containing the sampling site.
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Fig. 7. (a) �SDustEmission, b) �STransport and c) �SDryDeposition, obtained via sensitiv-

ity simulations, for the GEOS-Chem 4° × 5° grid cell containing the sampling site.

Top and bottom of the shaded box indicate 75th and 25th percentile respectively.

Whiskers above and below the box indicate 90th and 10th percentile respectively.

The horizontal line within the box marks the median.
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.4.4. Effect of dry deposition on S-ratio

Dry deposition plays prominent roles in the removal process of

ir pollutants from the atmosphere (Erisman et al., 2005; Gupta

t al., 2004; Lee and Lee, 2004; Edwards et al., 1999; Yi et al.,

997; Bidleman, 1988; Zeller et al., 1997; Raymond et al., 2004).

o assess the effects of seasonal fluctuations in the dry deposition,

n the S-ratios, sensitivity simulations were performed with dry

eposition OFF. The ‘percent difference in S-ratio in the absence of

ry deposition (�SDryDeposition) ’, is then obtained via the Eq. (2).

ere, the ‘process’ in the equation is ‘Dry Deposition’.

Fig. 7c shows the �SDryDeposition for different months of the

ear 2009. In the absence of dry deposition, the S-ratios decreased

elow their values for baseline run. This could be attributed to

he preferential dry deposition loss of SO2 compared to SO2−
4 . The

SDryDeposition is lowest in Aug (∼66.3% (median) reduction) fol-

owed by Jul. The �SDryDeposition is high (less negative) during Mar,

pr and May with the highest value in May, which may be ex-

lained as follows. During these months the PBL is among the

ighest to have a lesser amount of SO2 and SO2−
4 in the lower lay-

rs of the atmosphere – thus reduce the loss via dry deposition.

.5. Altitudinal dependence of S-ratio

To study the altitudinal dependence, S-ratios at various alti-

udes were derived from the model, for the months May, Jul, and

ec 2009, in the GEOS-Chem 4° × 5° grid cell containing the sam-

ling site.

During May ’09, – a summer (pre-monsoon) month when the

BL reach the highest value of the year (Francis, 2012) – the S-

atios (Fig. 8a) increased slightly with altitude till 0.9 km AGL,

hich then remained almost constant till 4.2 km AGL. This may

e explained as follows. The high PBL heights for the month en-

ure that the altitudes considered here are within the PBL dur-

ng most of the time, with least probabilities for experiencing

ree-tropospheric conditions. This allows for well-mixing of the

O2 and SO2−
4 , resulting in the uniform S-ratio patterns till about

.2 km AGL. The spread in S-ratio values was highest at the

round, which may be attributed to the air turbulence and the

ssociated variations in transport/loss mechanisms at the ground

evel, to lead to non-uniform oxidation/loss rates for SO2.

Fig. 8b shows the altitudinal variation in S-ratios for Jul ’09 –

monsoon month when the RH is high and the OH concentration

s the highest of the year (Francis, 2012). The S-ratios increased

n magnitude till 3 km AGL from where it remained more or less

onstant till 4.2 km AGL. The increase in S-ratios till 3 km AGL

ould be attributed to the enhanced cloud water presence at the

igher altitudes, and hence the heterogeneous oxidation pathways.

or this month, the S-ratio spread was high throughout the differ-

nt altitudes, compared to May ‘09.

For Dec ’09 – a winter month, when the OH radical concen-

ration is the lowest of the year (Francis, 2012) – the altitudinal

ariation in the S-ratios showed features (Fig. 8c) different from

he other two months. After a slight increase in the S-ratios from

.3 km to 0.6 km AGL, the ratios remained steady till 2.7 km AGL,

ollowed by a steep increase. This could be explained as follows.

ince the PBL heights for the region are very low in December, free

ropospheric conditions prevail above an altitude of 2.7 km AGL.

he long range transport of SO2 peak during December (Francis,

012) over the sampling region. This aged air mass transport, oc-

urring at free tropospheric altitudes, bring air parcels with en-

anced SO2−
4 content, causing S-ratio increase with altitude above

km AGL. The spread in S-ratio values for this month is high

hroughout the different altitudes, compared to May ’09 and Jul



394 T. Francis et al. / Atmospheric Environment 125 (2016) 383–395

Fig. 8. Variability in S-ratios as function of altitude above ground level for, a) May

2009, b) July 2009, and c) December 2009, for the GEOS-Chem 4° × 5° grid cell

containing the sampling site. Top and bottom of the shaded box indicate 75th and

25th percentile respectively. Whiskers above and below the box indicate 90th and

10th percentile respectively. The horizontal line within the box marks the median.

’

r

4

t

t

t

a

M

t

l

n

t

d

p

d

o

g

a

s

a

T

d

v

i

i

J

S

A

s

A

G

n

v

A

/

R

A

B

B

C

D

D

D

09, and is attributed to the non-systematic patterns in the long

ange transport of aged air masses.

. Conclusions

The molar ratio of SO2−
4 to total SOx (SOx = SO2 + SO2−

4 ),

ermed S-ratio, derived from field measurements at the high al-

itude site showed a pronounced seasonality. During Feb–Mar ’10

he S-ratios were lower compared to Nov–Dec ’09 and intermedi-

te ratios were obtained in Sep–Oct ’09. The lower ratios for Feb–

ar ’10 have been attributed to the higher PBL heights – to reduce

he dry deposition losses of SO2 – as well as the lower OH and RH

evels for these months. The relatively low PBL heights and pro-

ounced ‘aged air mass presence’ (Francis, 2012) are projected as

he possible factors for the higher S-ratios in Nov–Dec ’09.

The SO2−
4 and SO2 variations were in-phase with each other

uring Sep–Oct ’09 and Feb–Mar ’10, while the agreement was

oor during Dec ’09. In Nov ’09, the in-phase variabilities prevailed

uring the initial days which then moved out-of-phase by the sec-

nd half. The in-phase variability patterns are presumed to sug-

est ‘predominant local source contribution’ to the measured SO2

nd SO2−
4 while an anti-phase suggests a ‘more regionality for the

ources/long range transported air mass presence’.

S-ratios from the model runs exhibited a pronounced season-

lity with the highest ratios in Jul–Aug and the lowest in Apr.

he contributions from various parameters such as PBL, OH, RH,

ust load, transport pattern and dry deposition also were assessed

ia the model. Sensitivity simulations showed the S-ratios enhanc-

ng due to ‘dust emission’ with the peak (∼4.7%, median value)

n May. The ‘transport’ is seen to reduce the S-ratios during Dec,

an, Feb, Mar, April, May while enhance it during Jul, Aug, Sep, Oct.

imilarly, the ‘dry deposition’ boosts the S-ratios with the peak in

ug (∼66.3%, median value). The altitudinal dependence of S-ratios

tudied via the CTM, indicated a seasonality in its behaviour.
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