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List of Supplementary discussion 

Text S1 Identification of local sources: CBPF analysis 

To identify local sources of O3, BC, and other SLCPs pollutants, a conditional bivariate 

probability function (CBPF) analysis was performed. The CBPF was generated based on 

measured SLCPs levels by coupling a conditional probability function (CPF) with wind speed 

as a third variable, distributing measured pollutant concentrations over a range of wind-sector 

bins. The CBPF is defined as follows:

                                                                                                                       (S1)
𝐶𝐵𝑃𝐹∆𝜃,∆𝑢 =

𝑚∆𝜃,∆𝑢↓𝑐 ≥ 𝑋

𝑛∆𝜃,∆𝑢

where  is the number of samples wind blowing to wind sector  with wind 𝑚∆𝜃,∆𝑢↓𝑐 ≥ 𝑋 '∆𝜃'

speed interval  having concentration ‘c’ greater than a threshold value, and ‘X’;  is '∆𝑢' 𝑛∆𝜃,∆𝑢

the total number of samples observed in that wind direction for a given speed interval. The 

threshold criterion was chosen as the 50th or 75th percentile of the measured pollutant 

concentrations. CBPF analysis was performed using the openair R package (Carslaw and 

Ropkins, 2012) in R-studio (version 3.1.1; R Core Team, 2014). The method is described in 

more detail by Uria-Tellaetxe and Carslaw (2014).  

Text S2 Back trajectories analysis: Identification of regional sources 

Ninety-six hour backward air mass trajectories were retrieved for each day of the sampling 

year 2017 at intervals of 3 h using the Atmospheric Administration (NOAA) Air Resources 

Laboratory (ARL) Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) (Rolph 

et al., 2017) with global data integration system meteorological data as input with a spatial 

resolution of 1°×1° at an arrival height of 500 m above ground level. The openair R-package 

was used to download back-trajectories for the IGP-CARE site. The functions and code used 
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to download monthly meteorological file from HYSPLIT PC model, merge 3-hourly back-

trajectory end-point files for the IGP-CARE site were as described in the openair R-package 

manual. For distant sources, the potential source contribution function (PSCF) identifies the 

potential source region located within a gridded cell at latitude (i) and longitude (j) with 

probabilities of exceeding the threshold criterion calculated as: 

                                                                                                                       (S2)
𝑃𝑆𝐶𝐹𝑖𝑗 =  

𝑚𝑖𝑗

𝑛𝑖𝑗

Here,  is the total number of endpoints in cell  in the domain grid, and  is the number 𝑛𝑖𝑗 𝑖,𝑗  𝑚𝑖𝑗

of endpoints when the mass concentration exceeds the threshold value. However, PSCF values 

can be affected by grid cells and their endpoints which may be overestimated. Therefore, 

several authors suggest the use of a weighing function (  to avoid this issue.1–3 The (  𝑊𝑖𝑗) 𝑊𝑖𝑗)

used here was:

                                                                           (S3)

𝑊𝑖𝑗 = { 𝑃𝑐 = 1.00  𝑤ℎ𝑒𝑛                𝑛𝑖𝑗 > 2 �̅�
𝑃𝑐 = 0.75     𝑤ℎ𝑒𝑛    �̅� > 𝑛𝑖𝑗 ≤ 2 �̅�
𝑃𝑐 = 0.50   𝑤ℎ𝑒𝑛   0.5 �̅� > 𝑛𝑖𝑗 ≤  �̅�
𝑃𝑐 = 0.15    𝑤ℎ𝑒𝑛           𝑛𝑖𝑗 ≤  0.5 �̅�

}
where  is the probability corrected for the function  and  is the average number of 𝑃𝑐 𝑊𝑖𝑗 �̅�

endpoints over the grid cells with one endpoint. As mentioned above, monthly meteorological 

files from the HYSPLIT PC model, the merging of 3-hourly back-trajectory end-point files for 

the receptor site, and all functions, and codes for estimating PSCF were as discussed in the 

openair R-package manual. Additionally, cluster analysis was also performed using the openair 

R-package 4. Cluster analysis and potential source contribution function (PSCF) generation 

were also performed using the openair R-package.5 
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Supplementary Table

Table S1 Instruments deployed at the IGP-CARE for monitoring SLCPs and meteorological 
parameters. 

Variable Instruments Time resolution Detection limits
UVPM and BC Met One (BC 1050) 1 min. 8 ng m-3

O3 Ecotech (O3 (Serinus® 10 model) 1 sec. 0.5 ppbv
CO Ecotech (CO (Serinus® 30 model) 1 sec. 40 ppbv
NO and NO2 Ecotech (NOX (Serinus® 40 model) 1 sec. 0.4 ppbv 
Temperature 30 min. 0.1 °C
Relative humidity AWS Davis Vantage Pro 2 30 min. 0.5 %
Wind speed 30 min. 0.1 m s-1

Wind direction 30 min. -
Solar radiation 30 min. 10 W m-2
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Table S2. Summary statistics of SLCPs and meteorological parameters measured during the day and night in 2017 over IGP-CARE.

Variables Day Night

N Min Max Mean Median N Min Max Mean Median
Short-lived climate pollutants (SLCPs)
BC concentration (µgm-3) 4046 0.2 13.8 2.6 2.0 3894 0.2 16.6 3.6 3.3
BrC concentration (µgm-3) 4046 0.0 12.9 1.1 1.2 3894 0.0 32.3 2.1 1.7
O3 (ppbv) 3889 0.2 207.3 40.3 41.1 3719 0.2 147.5 22.3 19.8
CO (ppbv) 2123 1.1 3656 430.2 347.7 2106 1.4 2740.6 489.7 420.0
NO (ppbv) 2792 0.0 9.5 0.2 0.13 2848 0.0 4.5 0.2 0.09
NO2 (ppbv) 2792 1.4 22.1 6.7 5.8 2848 1.2 21.2 6.4 5.8
NOX (ppbv) 2792 1.3 20.7 6.4 5.6 2848 1.1 20.8 6.2 5.7
Meteorological parameters
Temperature (°C) 3788 7.8 46.3 29.8 30.1 3661 5.8 42.7 24.2 26.4
Relative Humidity (%) 3788 7.5 100 55.9 55.5 3661 13.5 99.0 68.3 71.6
Wind speed (ms-1) 3788 0.0 12.5 2.5 2.2 3661 0.0 11.4 1.2 0.5
Solar Radiation (W m-2) 4046 67.5 651.7 140.7 105.3 3894 0.0 62.6 13.2 2.2
Planetary boundary layer height (m) 4745 10.8 4878.9 1053.2 808.0 4010 10.5 1441.5 133.0 80.4
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Table S3 Criteria used to define episodic events for each SLCP at IGP-CARE 
SLCPs variable  criteria for Episodic events (~95th Percentile of pollutants) 

BC 7.4 µg m-3

BrC 4.7 µg m-3

O3 70 ppbv
CO 1188 pbbv
NO 0.64 ppbv
NO2 12.0 ppbv
NOX 12.3 ppbv
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Table S4 Correlation between BC and BrC in different episodic events for 24 h, day and night. 

BC vs BrCEvents Dates
 24 hr (r2) Day-time (r2) Night-time (r2)

E1 07 Jan 0.93 096 0.16
12 Jan 0.96 0.99 0.92
13 Jan 0.51 0.77 0.61
14 Jan 0.85 0.98 0.66
15 Jan 0.91 0.90 0.96
16 Jan 0.63 0.53 0.45
17 Jan 0.32 0.92 0.04
18 Jan 0.78 - 0.78

E2

19 Jan 0.91 0.92 0.84
21 Jan 0.95 0.84 0.98
22 Jan 0.54 0.84 0.69

E3

23 Jan 0.96 0.81 0.97
02 Feb 0.75 0.66 0.77
03 Feb 0.78 0.65 0.89
04 Feb 0.91 0.79 0.85
05 Feb 0.88 0.90 0.91

E4

06 Feb 0.084 0.78 0.003
13 Feb 0.78 0.90 0.60
14 Feb 0.25 0.96 0.42
15 Feb 0.86 0.76 0.82
16 Feb 0.32 0.54 0.94

E5

17 Feb 0.36 0.99 0.92
09 Mar 0.44 0.93 0.22E6
10 Mar 0.87 0.83 0.77
15 Apr 0.34 0.97 0.04
16 Apr 0.28 0.35 0.82

E7

17 Apr 0.85 0.95 0.69
20 May 0.77 0.87 0.88
21 May 0.76 - 0.76

E8

22 May 0.23 0.76 0.036
18 Oct 0.81 0.97 0.76E9
19 Oct 0.89 0.92 0.97
10 Nov 0.13 0.27 0.69E10
11 Nov 0.26 0.18 0.92
17 Nov 0.89 0.99 0.97
18 Nov 0.56 0.94 0.86
19 Nov 0.70 0.23 0.87

E11

20 Nov 0.75 0.99 0.44
4 Dec 0.75 0.99 0.84E12
5 Dec 0.37 0.64 0.10
19 Dec 0.16 0.82 0.25
20 Dec 0.10 0.28 0.08

E13

21 Dec 0.038 0.11 0.03
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Table S5 Correlations of BC vs CO, and BrC vs CO in different episodic events for day, night, 
and 24 h. 

BC vs CO (r2) BrC vs CO (r2)Events Dates
Day-time Night-time 24-hr Day-time Night-time 24-hr

E1 07 Jan - - - - - -
12 Jan 0.07 0.09 0.016 0.06 0.14 0.007
13 Jan 0.87 0.92 0.91 0.87 0.70 0.67
14 Jan 0.99 0.58 0.81 1.0 0.98 0.89
15 Jan 0.22 0.59 0.63 -0.59 0.44 0.55
16 Jan 0.65 0.57 0.70 0.97 0.02 0.25
17 Jan 0.96 0.80 0.85 0.98 0.01 0.81
18 Jan - -0.74 -0.74 - -0.33 -0.33

E2

19 Jan - 0.44 0.44 - 0.59 0.59
21 Jan - - - - - -
22 Jan 0.12 0.91 0.11 0.20 0.98 0.07

E3

23 Jan - 0.4 0.40 - 0.01 0.008
02 Feb 0.61 0.71 0.71 0.68 0.82 0.81
03 Feb 0.60 0.50 0.58 0.66 0.24 0.51
04 Feb 0.89 0.27 0.46 0.78 0.48 0.53
05 Feb 0.87 0.42 0.67 0.91 0.56 0.64

E4

06 Feb 0.12 0.02 0.05 -0.51 -0.44 -0.55
13 Feb 0.97 0.43 0.69 0.96 0.48 0.67
14 Feb 0.23 -0.90 0.28 -0.25 0.65 0.13
15 Feb 0.96 0.01 0.20 0.84 -0.01 0.06
16 Feb 0.01 0.53 0.04 -0.26 0.58 0.01

E5

17 Feb 0.99 0.60 0.48 0.99 0.72 0.54
09 Mar - - - - - -E6
10 Mar - - - - - -
15 Apr 0.91 0.14 0.01 0.95 0.05 0.06
16 Apr 0.68 0.17 0.01 0.28 0.12 0.17

E7

17 Apr 0.01 0.85 0.01 0.01 0.72 0.01
20 May 0.64 0.65 0.56 0.88 0.79 0.87
21 May - 0.88 0.89 - 0.97 0.97

E8

22 May 0.73 0.02 0.32 0.84 0.89 0.89
18 Oct 0.49 0.01 0.11 0.55 0.29 0.24E9
19 Oct 0.98 0.95 0.96 0.86 0.89 0.87
10 Nov - - - - - -E10
11 Nov 0.67 0.88 0.68 0.67 0.93 0.60
17 Nov 0.78 0.92 0.67 0.70 0.93 0.47
18 Nov 0.26 1.0 0.39 0.20 1.00 0.27
19 Nov - - - - - -

E11

20 Nov - -0.99 -0.99 - -0.98 -0.98
4 Dec - - - - - -E12
5 Dec -0.97 0.45 -0.42 0.75 0.45 0.26
19 Dec 0.58 0.76 0.74 0.51 0.48 0.37
20 Dec 0.62 0.19 0.23 0.01 0.01 0.01

E13

21 Dec 0.11 0.11 0.01 0.14 0.68 0.11
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Table S6 Rate of change of O3 concentration (ppb h-1) at the rural IGP-CARE site and other 
Indian sites reported in previous studies. 
Sampling
Sites

Rate of change at 
(08:00-11:00 h)  
ppb h-1

Rate of change at 
(17:00-19:00 h)  
ppb h-1

References

IGP-CARE* 6.8 -5.3 Present study 
9.3W -6.2W

7.5S -5.3S

3.3M -3.0M

7.3A -7.1A

Delhi 4.9 -3.7 Verma et al.6,  Tiwari et al.7 and Tyagi et al.8 
Gadanki 4.6 -2.6 Ojha et al. 9
Mohal 7.3 -5.9 Sharma et al.10

Anantpur 4.6 -2.5 Reddy et al.11

Ahmedabad 5.9 -6.4 Lal et al.12

Thumba 4.8 -2.6 Nair et al.13

Joharpur 4.5 -3.3 Debaje and Kakade (2006)14

Tranquebar 3.1 -2.8 Debaje et al. (2003)15

* Rural site; W=winter; S=Summer; M=monsoon; A=autumn
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Fig S1. The Pearson’s correlations amongst SLCPs and meteorological parameters in different 
seasons during the year 2017 at IGP-CARE. 
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Fig S2. Time series of (a) meteorological parameters [temperature (TEMP), relative humidity 
(RH), wind speed (WS), planetary boundary layer height (m), and solar radiation (SR)], (b) 
wind rose plot for entire sampling period, and (c) seasonal wind rose plots at IGP-CARE during 
sampling year 2017. 
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Fig S3. Diel variations of BC, BrC, and BrC/BC ratio with ventilation coefficient (VC) during 
thirteen episodic events at IGP-CARE in 2017. VC is the product of the planetary boundary 
layer height (PBLH) and wind speed (WS)] and is a measure of atmospheric conditions 
affecting pollutant dispersion. 
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Fig S4. Scatter plots showing the relationships between BC and BrC during thirteen episodic 
events at IGP-CARE during the sampling year 2017. 
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Fig S5. Correlations between BC and BrC with Fire Radiative Power (FRP) thirteen episodic 
events at IGP-CARE during the sampling year 2017. 
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Fig S6. Scatter plots showing the relationships between BC and NOX (upper panel) and BrC 
and NOX (bottom panel) during thirteen episodic events at IGP-CARE during the sampling 
year 2017. 
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Fig S7. Time series of SLCFs concentration for the event E10 (10 and 11 November 2017). 
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Fig. S8. Diel variation of O3, CO, and NOX concentrations with the ventilation coefficient (VC) 
during eleven episodic events at IGP-CARE in the sampling year 2017. VC is the product of 
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Fig. S10. 24-h NO and NO2 concentrations at the IGP-CARE site during the sampling period. 
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Fig. S11. Daytime and night-time correlation of BC and BrC with O3 as functions of 
temperature (shown using a color scale) for January, February (winter), March, April, and May 
(summer) and October and November (autumn) over IGP-CARE.
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Fig. S12. Time Series plots of SLCPs concentration in few events to show typical evening and 
morning peaks of biomass burning. 
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Fig S13. CBPF plots of SLCPs pollutants in summer (top panel) and monsoon (bottom panel) season over IGP-CARE during year 2017. Threshold 
criteria was chosen at 75th percentile of SLCPs pollutants.
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Text S3 Cluster analysis using back trajectories

The seasonal cluster analysis is presented in Fig. S9 of the SI. During winter, the shortest 

and slow-moving cluster C1 originating from the north contributed 29.1% of the group of 

trajectories, the C2 cluster from Delhi and Punjab contributed 27.6%, and the moving C3 and 

C4 clusters originating from the northwest (including Iran, Afghanistan, and Pakistan; C3+C4) 

contributed 43.3% of the ensemble of trajectories governing regional/super-regional transport. 

The summer season is highly dominated by air mass trajectories moving from the northwest of 

IGP region (C2+C1; 56.0% of ensemble of trajectories) that originated from Delhi, Punjab, 

Haryana Afghanistan, and Pakistan. About 24% of trajectories are clustered in the east in close 

proximity of one-another, indicating the influence of local air masses (Fig. S9 in the SI). C4 is 

fast-moving cluster (20.2% of ensemble of trajectories) originating from Gujarat in the 

southwest and moving across Rajasthan, transporting significant amounts of dust to the 

receptor site. In general, the trajectory cluster pattern for monsoon season originates from the 

Arabian sea (C3+C4; 56.1% of ensemble of trajectories), and Bay of Bengal (C1; 19.2%), and 

other cluster (C2) originates from local air masses, accounting for 24.7% of trajectories (Fig. 

S9 in the SI). During autumn season, the dominant transport patterns were short-moving local 

air masses recirculating, but some regional trajectory clusters were observed. Clusters C1, C2, 

and C3 were slow-moving air masses originating in the immediate northwestern and eastern 

regions of the IGP and contributed 90% of trajectories. Overall, the cluster analysis explained 

significant amounts of the seasonal variability of local and regional/super-regional air masses.  

The cluster analysis clarified the comparative importance of regional and interannual sources 

by quantifying differences between the clusters in terms of SLCPs concentration and % of each 

cluster. 
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Fig S14. Trajectory cluster analysis using 4-days air mass back-trajectories over the IGP-CARE site at 500 m ABL in four different seasons. The 
black circle denotes IGP-CARE (receptor site, rural site of IGP-region).  iure 
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