






Figure 14. Comparison of the PMF derived contribution of anthropogenic sources with NMVOCs source con-

tribution according to the existing Nepalese, REAS and EDGAR emission inventory

and waste disposal would drop to 12.7 %(PMF 13.5 %) and the contribution of industrial emissions

and solvent use would drop to 48.6 % (PMF 52.8 %). Our PMF results, however, seem to suggest,

that 2012 transport sector emissions have decreased by ∼50 % compared to the 2010 emissions pre-

sented in (Shrestha et al., 2013), possibly due to a reduction of the number older vehicles in the

fleet.890

Inefficient biomass co-fired brick kilns are a unique industrial source in the Kathmandu Valley, and

contributed significantly (∼ 15 %) to the total measured anthropogenic NMVOC mass loading. The

existing Nepalese inventory considers contributions of brick kilns only to the emission of particulate

matter (PM10 and PM2:5)), while the two other emission inventories do not include emissions from

brick kilns in the Kathmandu Valley at all. If transport sector NMVOC emissions of ∼3800 t y−1895

and an additional ∼2400 t y−1 NMVOC emissions from brick kilns, were included in the EDGAR

v4.2 emission inventory, the EGAR emission inventory and our PMF output would agree perfectly

(within ± 0.2 %) on the relative contribution of all sources, without changing the contribution from

any of the other sources.

Only two sources, domestic fuel usage (on account of the changed heating demand) and agri-900

cultural waste burning are expected to have significant seasonality. Jointly, they account for less

than 10 % of the total NMVOC emissions. Since cooking needs persist throughout the year and the

decrease in agricultural waste burning outside harvest season may be partially offset by leaf-litter

burning (a source currently not in the model), it is likely that the failure to account for seasonal

effects imparts an uncertainty of less than 1 % on the overall result of our analysis.905
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Figure 15. Contribution of PMF derived source factors to acetonitrile and aromatic NMVOCs. Source names

are abreviated as follows: MD=mixed daytime, MI= mixed industrial, UI = unresolved industrial, BK = brick

kiln, TR = traffic, RB+WD = residential burning and waste disposal, SE = solvent evaporation, BG = biogenic

The REAS v2.1 emission inventory for the Kathmandu valley, on the other hand, seems to require

large corrections. While our analysis of the REAS inventory was restricted to December and January,

annual averages of individual sources differ by less than ± 10 % from the winter values. Therefore,

the difference in the time window selected for the analysis cannot explain the observed discrepancies

to the EDGAR emission inventory.910

3.4 Source contribution to individual NMVOCs

Figure 15 represents the pie charts showing contribution of the eight source factors to individual

NMVOCs such as acetonitrile, benzene, styrene, toluene, sum of C8-aromatics (xylenes and ethyl-

benzene) and sum of C9-aromatics (trimethylbenzenes and propylbenzene). Maximum contribution

to the acetonitrile mass concentration was observed from the unresolved industrial emission sources915

(∼ 30 %) followed by the biomass co-fired brick kilns emission (∼ 24 %) and mixed industrial emis-

sion (∼ 20 %) factors. Residential biofuel use and waste disposal features only fourth (∼ 18 %). The

same sources also contribute most to benzene emissions, indicating that fuel usage, rather than its
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Table 6. Emission ratios of NMVOCs/benzene for acetonitrile and aromatic hydrocarbons derived from the

PMF model for different sources and comparison with the ratios for different source categories reported in

previous studies.

ERs/Benzene RB+WD BK MI UI Garbage burning Waste burning1 Wood burning2 Charcoal burning2

grab samples

Acetonitrile 0.23 0.14 0.25 0.36 0.77 0.06 - -

Toluene 0.34 0.35 0.18 0.30 0.34 0.41 0.05 0.50

C8-aromatics 0.18 0.06 0.08 0.00 0.25 0.10 - 0.46

C9-aromatics 0.25 0.22 0.06 0.12 0.08 0.03 - -

Styrene 0.12 0.09 0.09 0.04 0.16 0.86 - -

Naphthalene 0.11 0.15 0.20 0.05 0.09 0.10 - -

1. Stockwell et al. (2015); 2. Tsai et al. (2003); RB+WD = Residential biofuel use and waste disposal; BK = Biomass co-fired brick kilns; MI = Mixed industrial

emissions; UI = Unresolved industrial emissions

application as solvent/chemical reagents in industrial processes is responsible for most of the in-

dustrial acetonitrile emissions. It also indicates that industrial rather than residential biofuel usage920

contributes more towards outdoor NMVOC air pollution. Most of the benzene (which is a human

carcinogen) can be attributed to biomass co-fired brick kilns (∼ 37 %), mixed industrial (∼ 17 %)

and unresolved industrial (∼ 18 %) sources. Residential biofuel use again featured only fourth as

far as the contribution towards mixing ratios of this compound in the outdoor environment is con-

cerned. Table 6 shows a comparison of NMVOCs/benzene emission ratios for four PMF derived925

sources (residential biofuel use and waste disposal, biomass co-fired brick kilns, mixed industrial

and unresolved industrial sources) to the emission ratios obtained from the grab samples collected

for garbage burning in the Kathmandu Valley and the previously reported emission ratios for waste

burning, wood burning and charcoal burning sources.

Residential biofuel use and waste disposal contributed ∼ 28 % of the total styrene which were930

emitted significantly from waste burning. However, traffic was found to be equally important as

a styrene source (∼ 37 %) in the Kathmandu Valley. Recently, styrene has been detected from traffic

and was found to have high emission ratios with respect to benzene after cold startup of engines and

in LPG fuel (Alves et al., 2015). Biomass co-fired brick kilns and mixed industrial emissions also

contribute significantly (∼ 21 % and ∼ 14 %, respectively) towards styrene mass loadings. Traffic935

was found to be the most important source of higher aromatics including toluene, C8-aromatics, and

C9-aromatics (> 60 %). Biomass co-fired brick kilns were the second largest contributors towards

their mass loadings, while residential biofuel usage and waste disposal ranked third.

Figure 16 shows the pie charts summarizing contributions of PMF derived sources to two newly

quantified compounds in the Kathmandu Valley, namely formamide and acetamide along with iso-940

cyanic acid and formic acid. All these compounds showed maximum contribution from the mixed
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Figure 16. Contribution of PMF derived sources to formamide, acetamide, isocyanic acid and formic acid.

Source names are abreviated as follows: MD=mixed daytime, MI= mixed industrial, UI = unresolved industrial,

BK = brick kiln, TR = traffic, RB+WD = residential burning and waste disposal, SE = solvent evaporation, BG

= biogenic

daytime factor (∼ 34 % to ∼ 41 %) due to the photo-oxidation source. As discussed previously in

Sarkar et al. (2016) and in section 3.1.7, both formamide and acetamide are formed primarily as

a result of photooxidation of amine compounds and N-containing compounds. These can be emitted

from the various inefficient combustion processes in the Kathmandu Valley. Photooxidation of these945

amides further forms isocyanic acid (reaction schematic is shown in Figure S8 of the supplemen-

tary information). Apart from the mixed daytime source, unresolved industrial emissions factor also

contributed significantly to all these compounds (∼ 22 % to ∼ 23 %) as they are used as reactants

(e.g. formic acid is used as reactant to produce formamide in industries) or produced during different

industrial processes (such as formamide is produced in pharmaceuticals and plastic industries ). Sol-950

vent evaporation factor contributed ∼ 19 % to formamide while biogenic factor contributed ∼ 14 %

to formic acid. Contributions from all the other sources to these NMVOCs were < 10 %.

Figure 17 represents the pie charts showing contribution of the eight sources derived from PMF

to 1,3-butadiyne and oxygenated compounds namely methanol, acetone, acetaldehyde, ethanol and

acetic acid. It can be seen from Figure 17 that emissions of all these compounds in the Kath-955

mandu Valley were dominated by different industrial activities. The total unresolved industrial emis-
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Figure 17. Contribution of PMF derived sources to 1,3-butadiyne and oxygenated NMVOCs such as methanol,

acetone, acetaldehyde, ethanol and acetic acid. Source names are abreviated as follows: MD=mixed daytime,

MI= mixed industrial, UI = unresolved industrial, BK = brick kiln, TR = traffic, RB+WD = residential burning

and waste disposal, SE = solvent evaporation, BG = biogenic

sions factor dominated the contribution to 1,3-butadiyne (∼ 48 %), methanol (∼ 35 %) and acetone

(∼ 22 %). Residential biofuel use and waste disposal also contributed significantly to 1,3-butadiyne

(∼ 21 %) and methanol (∼ 16 %). Traffic was found to have significant contribution to acetone

(∼ 21 %). It is known that acetaldehyde, ethanol and acetic acid are used as solvents in different in-960

dustries and it was found that industrial sources obtained from PMF (mixed industrial + unresolved

industrial + solvent evaporation) together contributed∼ 72 % of the total acetaldehyde, 100 % of the

total ethanol and ∼ 47 % of the total acetic acid. Biogenic sources also had significant contribution

to acetaldehyde and acetic acid (∼ 17 % and ∼ 14 %, respectively) whereas residential biofuel use

and waste disposal contributed to ∼ 15 % of the total acetic acid.965

Figure 18 represents a timeseries of daily mean relative contribution of the PMF derived sources

during SusKat-ABC campaign. As discussed in Sarkar et al. (2016), the whole campaign can be

divided into three different periods based on the measurements – first period (from the start of the

campaign until 3 January 2013) was associated with high daytime isoprene emissions due to strong
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biogenic emissions, the second period (4 – 18 January 2013) was marked by enhancements in ace-970

tonitrile and benzene concentrations due to the kick start of the biomass co-fired brick kilns in the

Kathmandu Valley and in the third period (19 January until the end of the campaign), more oxy-

genated NMVOCs were observed which was believed to be due to the stable operation of the brick

kilns and more contribution from the industrial sources. PMF derived results also supports these

observation as can be seen in Figure 18. It can be seen that from the start of the campaign until975

3 January 2013 contribution of PMF derived biogenic sources were > 20 % for most of the time

while contribution from the brick kilns emission factor was negligible (≤ 5 %). From 4 January until

18 January 2013, the contribution of brick kilns increased significantly (∼ 20 % to∼ 40 %) as almost

all brick kilns in the Kathmandu Valley became operational. After 18 January until the end of the

campaign, the contribution of brick kilns become lower due to its stable operation.980

During the first period, contribution of traffic was found to be higher (∼ 20 % to ∼ 30 %) com-

pared to the rest of the campaign. The higher contribution of the mixed daytime source during the

second and third part of the campaign was due to the early morning and daytime photooxidation of

the precursor compounds which were emitted as a result of biomass co-fired brick kilns and other

biomass burning emissions during these periods. The mixed industrial emissions factor contributed985

almost equally throughout the campaign (contributing ∼ 10 % to ∼ 15 %) but the solvent evapora-

tion and the unresolved industrial emissions factor contributed more during the second and third part

of the campaign (increase of ∼ 10 %).

3.5 Source contribution to daytime ozone production potential and SOA formation

Figure 19a represents the source contribution to daytime O3 production potential while Figure 19b990

represents the contribution of different classes of compounds measured in the Kathmandu Valley to

the daytimeO3 production potential as discussed in Sarkar et al. (2016). The daytimeO3 production

potential for individual sources was calculated by summing up theO3 production potential for the in-

dividual compounds which was calculated according to the method described by Sinha et al. (2012).

The distribution of the daytime O3 production potential obtained from the measurements (Figure995

19b) shows that ∼ 70 % of the total daytime O3 production potential was due to the contribution

from isoprene and oxygenated NMVOCs which BS: could presumptuously indicated dominance of

biogenic emissions and photochemistry in the Kathmandu Valley even in the winter. But the distri-

bution of different sources obtained from PMF to daytime O3 production potential shows that the

biogenic factor together with the photochemistry factor (mixed daytime) contributed only∼ 30 % of1000

the total O3 production potential. The remaining ∼ 70 % was contributed by anthropogenic sources.

While solvent evaporation contributed most (∼ 20 %) to the total daytime O3 production potential,

traffic and unresolved industrial emission stood second and third, respectively, in terms of anthro-

pogenic ozone precursor emissions. Residential biofuel use and waste disposal, and biomass co-fired
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Figure 18. Daily mean relative contribution of PMF derived eight sources during SusKat-ABC campaign

brick kilns while potentially important from a human health perspective, contributed only a minor1005

fraction of the total anthropogenically emitted ozone precursors.

The consequence of including only a subset of NMVOCs is an underestimation of the OH reac-

tivity and hence ozone production potential, which scales directly with the OH reactivity. BS:For the

city of Lahore, Barletta et al. (2016) BS:, reported the maximum contribution of BS:Based on measured

methane and 63 non methane hydrocarbon BS:to the measured OH reactivity as 14%. BS:measurements in1010

the city of Lahore BS:which is much larger, and by all indications more polluted BS:city, than Kathmandu.

Barletta et al. (2016) BS: the authors reported a maximum contribution of about 14% BS: due to all alkanes including

methane to the total measured OH reactivity. Despite high concentration abundances in urban atmospheric

environments, the rate constants of these species are typically 100 times lower than compounds like

isoprene, and hence their contribution to the total OH reactivity is much lower. For example, even1015

3 ppm methane (observed only in plumes) would contribute only ∼ 0.5 s−1 to the total OH reac-

tivity and hence make an insignificant contribution to the ozone production potential. Hence, our

analyses of the ozone production potential may underestimate the total ozone production potential

by 15–25%, if we can extrapolate the observations from another South Asian city like Lahore.

Secondary organic aerosol (SOA) production was calculated using the concentrations and the1020

known SOA yields for benzene, toluene, styrene, xylene, trimethylbenzenes, naphthalene and iso-

prene (Ng et al., 2007; Chan et al., 2009; Yuan et al., 2013; Kroll et al., 2006). As the biomass

co-fired brick kilns and the traffic factor contains most of the reactive aromatic compounds, they ap-
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Figure 19. Daytime O3 production potential obtained a) from the source contribution using PMF and b) from

the measurements performed in the Kathmandu Valley

Figure 20. Contribution of PMF derived eight sources to the SOA formation in the Kathmandu Valley

peared to be the dominant contributors to SOA production (as shown in Figure 20) in the Kathmandu

Valley.1025

4 Conclusions

The PMF model results reveal several new results regarding the source apportionment of NMVOCs

in the Kathmandu Valley. Speciation of NMVOCs in the emission inventory for Nepal only in-

cludes compound classes (e.g. alkanes, alkenes etc.) and not specific compounds. BS:This imposes

certain limitations while comparing emission inventories with the compounds measured in our study.1030

However, BS:Also, the existing emission inventories (e.g. REAS v2.1, EDGAR v4.2; Kurokawa et al.

(2013); Olivier et al. (1994) and Nepalese inventory (ICIMOD)) are highly uncertain as there has

been no validation using in-situ measurements of these mostly bottom up inventories which rely on

fuel and source emission factors measured in other technologically different regions of the world

(primarily the US and Europe). By using the specific NMVOC emission tracer data measured in the1035

Kathmandu Valley and constraining the PMF with measured source profiles of complex sources (e.g.
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biomass co-fired brick kilns, residential solid biofuel use and waste disposal), it is shown that the

contribution from sources such as residential solid biofuel use and waste disposal is overestimated

in the REAS v2.1 emission inventory. At the same time, the emissions from industrial sources are

underestimated. Both REAS v2.1 and EDGAR v4.2 underestimate the contribution of traffic and do1040

not include brick kiln emissions. BS:The presence of elevated concentrations of several health relevant NMVOCs (e.g.

benzene) could be attributed to the biomass co-fired brick kiln sources. BS:Eight different NMVOC sources were

identified by the PMF model using the new "constrained model operation" mode. Unresolved indus-

trial emissions (17.8 %BS:), traffic (16.8 %BS:) and mixed industrial emissions (14.0 %BS:) contributed

most to the total measured NMVOC mass loading, while biogenic emissions (24.2 %BS:), solvent1045

evaporation (20.2 %BS:), traffic (15.0 %BS:) and unresolved industrial emissions (14.3 %BS:) were the

most important contributors to the ozone formation potential. Biomass co-fired brick kilns and traf-

fic contributed approximately equally to the secondary organic aerosol (SOA) production (28.9 %BS:

and 28.2 %BS:, respectively), while the most important contributors to the mass loadings of carcino-

genic benzene were brick kilns (37.3 %BS:), unresolved industrial (17.8 %BS: and mixed industrial1050

(17.2 %BS:) sources. Photo-oxidation (mixed daytime factor) contributed majorly to two newly iden-

tified ambient compounds namely, formamide (41.1 %BS:) and acetamide (36.5 %BS:) along with their

photooxidation product isocyanic acid (40.2 %).

This study has provided quantitative information regarding the contributions of the major NMVOC

sources in the Kathmandu Valley. This will enable focused mitigation efforts by policy makers and1055

practitioners to improve the air quality of the Kathmandu Valley by reducing emissions of both toxic

NMVOCs and formation of secondary pollutants. The results will also enable significant improve-

ments in existing NMVOC emission inventories so that chemical-transport models can be parameter-

ized more accurately over the South Asian region and the air quality-climate predictions by models

can become more reliable.1060
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 1 

Figure S3a. Evolution of the factor profiles of the eight sources identified, and the 9th source which 2 

is considered to arise due to splitting of the brick kiln factor, from the 5 Factor to the 9 Factor 3 

solution.  4 
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1 
Figure S3b. Evolution of the percentage of the mass of each compound explained by the eight 2 

sources identified, and the 9th source which is considered to arise due to splitting of the brick kiln 3 

factor, from the 5 Factor to the 9 Factor solution.  4 
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Figure S3c Evolution of the factor contribution of the eight sources identified, and the 9th source 2 

which is considered to arise due to splitting of the brick kiln factor, from the 5 Factor to the 9 3 

Factor solution. 4 
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 2 

Figure S4. Comparison of the diel profiles of biogenic emissions, mixed daytime and solvent 3 

evaporation factors before and after nudging 4 
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 1 

Figure S5. Comparison of the G-space plots between a) biomass co-fired brick kilns and mixed 2 

industrial emissions and b) residential biofuel use and waste disposal and traffic before and after 3 

nudging 4 
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 1 

Figure S6. Comparison of the diel profile of the unresolved industrial emissions with that of traffic 2 

(19 – 24 December 2012), solvent evaporation (25 December 2012 – 9 January 2013) and mixed 3 

industrial emissions (10 – 30 January 2013) 4 
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 1 
Figure S7. Emissions of particulate matter (sum of PM10 and PM2.5) and CO from different 2 

sectors in Kathmandu and Lalitpur (Pradhan et al, 2012) 3 

 4 

 5 
Figure S8. Reaction schematic for the formation of formamide and isocyanic acid (blue colored 6 

species represents radicals) 7 

Figure S8 represents the reaction schematic of the proposed mechanism for the formation of 8 

formamide, acetamide and isocyanic acid based on the previous laboratory experiments  which 9 

shows that photooxidation of alkyl amines leads to the formation of formamide and acetamide 10 

which undergoes further photooxidation to form isocyanic acid which can have severe health 11 

impact at concentration thresholds above 1 ppb (Roberts et al., 2011;Roberts et al., 2014). This 12 

study provides the first ever ambient evidence of the photochemical source of isocyanic acid by 13 

quantification of both the amides (the precursor) and isocyanic acid (the product) collectively and 14 

the source apportionment of these compounds in the Kathmandu Valley. 15 
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Figure S9. Shows a representative day’s (18 January 2013) isoprene data against solar radiation. 2 

It can be observed from the figure that the daytime isoprene emission correlates very nicely with 3 

solar radiation which indicates biogenic emission while during evening hours and night time, 4 

isoprene showed high peaks that shows excellent correlation with toluene. 5 

 6 

References 7 

Akagi, S. K., Yokelson, R. J., Burling, I. R., Meinardi, S., Simpson, I., Blake, D. R., 8 

McMeeking, G. R., Sullivan, A., Lee, T., Kreidenweis, S., Urbanski, S., Reardon, J., 9 

Griffith, D. W. T., Johnson, T. J., and Weise, D. R.: Measurements of reactive trace gases 10 

and variable O3 formation rates in some South Carolina biomass burning plumes, Atmos. 11 

Chem. Phys., 13, 1141-1165, 10.5194/acp-13-1141-2013, 2013. 12 

Aoki, N., Inomata, S., Tanimoto, H.: Detection of C1–C5 alkyl nitrates by proton transfer 13 

reaction time-of-flight mass spectrometry, International Journal of Mass Spectrometry, 14 

https://doi.org/10.1016/j.ijms.2006.11.018, 2007 15 

de Gouw, J. A., Goldan, P. D., Warneke, C., Kuster, W. C., Roberts, J. M., Marchewka, M., 16 

Bertman, S. B., Pszenny, A. A. P., and Keene, W. C.: Validation of proton transfer 17 

reaction-mass spectrometry (PTR-MS) measurements of gas-phase organic compounds in 18 

https://doi.org/10.1016/j.ijms.2006.11.018


17 
 

the atmosphere during the New England Air Quality Study (NEAQS) in 2002, Journal of 1 

Geophysical Research-Atmosphere, 108, 10.1029/2003jd003863, 2003. 2 

Inomata, S., Tanimoto, H., Kato, S., Suthawaree, J., Kanaya, Y., Pochanart, P., Liu, Y., and 3 

Wang, Z.: PTR-MS measurements of non-methane volatile organic compounds during an 4 

intensive field campaign at the summit of Mount Tai, China, in June 2006, Atmos. Chem. 5 

Phys., 10, 7085-7099, doi:10.5194/acp-10-7085-2010, 2010.  6 

Karl, T., Jobson, T., Kuster, W. C., Williams, E., Stutz, J., Shetter, R., Hall, S. R., Goldan, P., 7 

Fehsenfeld, F., and Lindinger, W.: Use of proton-transfer-reaction mass spectrometry to 8 

characterize volatile organic compound sources at the La Porte super site during the 9 

Texas Air Quality Study 2000, Journal of Geophysical Research: Atmospheres, 108, 10 

4508, 10.1029/2002jd003333, 2003. 11 

Roberts, J. M., Veres, P. R., Cochran, A. K., Warneke, C., Burling, I. R., Yokelson, R. J., Lerner, 12 

B., Gilman, J. B., Kuster, W. C., Fall, R., and de Gouw, J.: Isocyanic acid in the 13 

atmosphere and its possible link to smoke-related health effects, Proceedings of the 14 

National Academy of Sciences, 10.1073/pnas.1103352108, 2011. 15 

Roberts, J. M., Veres, P., VandenBoer, T. C., Warneke, C., Graus, M., Williams, E. J., Lefer, B. 16 

L., Brock, C. A., Bahreini, R., Öztürk, F., Middlebrook, A. M., Wagner, N. L., Dubé, W. 17 

P. a., and de Gouw, J. A.: New insights into atmospheric sources and sinks of isocyanic 18 

acid, HNCO, from recent urban and regional observations, Journal of Geophysical 19 

Research: Atmospheres, 119, 1060–1072, 10.1002/2013JD019931, 2014. 20 

 Seco, R., Peñuelas, J., Filella, I., Llusià, J., Molowny-Horas, R., Schallhart, S., Metzger, A., 21 

Müller, M., and Hansel, A.: Contrasting winter and summer VOC mixing ratios at a 22 

forest site in the Western Mediterranean Basin: the effect of local biogenic emissions, 23 

Atmos. Chem. Phys., 11, 13161-13179, 10.5194/acp-11-13161-2011, 2011. 24 

Stockwell, C. E., Veres, P. R., Williams, J., and Yokelson, R. J.: Characterization of biomass 25 

burning emissions from cooking fires, peat, crop residue, and other fuels with high-26 

resolution proton-transfer-reaction time-of-flight mass spectrometry, Atmos. Chem. 27 

Phys., 15, 845-865, 10.5194/acp-15-845-2015, 2015. 28 

Warneke, C., Roberts, J. M., Veres, P., Gilman, J., Kuster, W. C., Burling, I., Yokelson, R., and 29 

de Gouw, J. A.: VOC identification and inter-comparison from laboratory biomass 30 



18 
 

burning using PTR-MS and PIT-MS, International Journal of Mass Spectrometry, 303, 6-1 

14, http://dx.doi.org/10.1016/j.ijms.2010.12.002, 2011. 2 

 3 

http://dx.doi.org/10.1016/j.ijms.2010.12.002

