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[bookmark: _Toc96465035]Monthly atmospheric ammonia, acid gas, inorganic aerosols and base cation concentrations from Northern Ireland DELTA gas and aerosol monitoring network, 2019-2020 
· File 1: Monthly atmospheric concentration data from 4 sites in the Northern Ireland DELTA® Gas and Aerosol Monitoring Network, 2019 (NI_DELTA_Gas-Aerosol_2019.csv)
· File 2: Monthly atmospheric concentration data from 4 sites in the Northern Ireland DELTA® Gas and Aerosol Monitoring Network, 2020 (NI_DELTA_Gas-Aerosol_2020.csv)
The two files are from the Northern Ireland (NI) DELTA® Gas and Aerosol Monitoring Network, and consist of monthly atmospheric concentrations of inorganic, water-soluble, reactive gases and aerosols measured with the UKCEH DELTA® method at 4 sites across NI for the years 2019 to 2020. 
· Gases: ammonia (NH3), nitric acid (HNO3), sulphur dioxide (SO2) 
· Aerosols: ammonium (NH4+), nitrate (NO3-), sulphate (SO42-), chloride (Cl-), sodium (Na+), calcium (Ca2+), Magnesium (Mg2+)
The network was operated jointly by Agri-Food and Biosciences Institute (AFBI) and the UK Centre for Ecology & Hydrology (UKCEH), and was funded by Department of Agriculture, Environment and Rural Affairs (DAERA), Northern Ireland.
[bookmark: _Toc96465036]Experimental design/sampling regime
The UK’s long-term Acid Gas and Aerosol Network (AGANet) has two sites in Northern Ireland only, to the west and east of the country. The 4 DELTA® sites in this new network were selected to increase the spatial coverage across NI and improve information on atmospheric composition and of the spatial variability of the gas and aerosol components across NI, as well as their main seasonal trends. Concurrent measurement of the gas and aerosol phase components also allow monitoring and assessment of the relationship between NH3 and interacting acid gases (HNO3, SO2) and inorganic particulate phase composition. The dataset provides valuable evidence for testing atmospheric transport models and to estimate annual budgets of reduced nitrogen (NH3 and NH4+) vs. oxidised nitrogen (sum of HNO3 and NO3-), and also of sulphur for NI.
[bookmark: _Toc96465037]
Collection/Generation/Transformation Methods

[bookmark: _Toc96465038]Monitoring sites
[bookmark: _Ref96372577]Atmospheric gas and aerosol concentrations were measured with the active UKCEH DELTA® method (Figure 1) (https://www.ceh.ac.uk/services/air-samplers) at 4 sites across NI. Monitoring was monthly, with continuous time-integrated sampling over each period. The list of sites and relevant information are provided in Table 1.

Table 1: Site Information for Northern Ireland DELTA® Gas and Aerosol Monitoring Network. For reasons of confidentiality, site location coordinates are reported to 2 d.p only.
	Site ID
	Station Name
	Start Date
	End Date
	Latitude
	Longitude
	Height of inlet

	AFBI25 
	Hillsborough 
	05/03/2019
	ongoing
	54.46 
	-6.07 
	1.5m

	AFBI26 
	Ballynahone 
	07/03/2019
	ongoing
	54.82 
	-6.70 
	1.5m

	AFBI27 
	UoU Coleraine 
	06/03/2019
	ongoing
	55.15 
	-6.68 
	1.5m

	AFBI28 
	Sandholes 
	07/03/2019
	ongoing
	54.60 
	-6.78 
	1.5m


[bookmark: _Toc96465039]
UKCEH DELTA® method
The UKCEH DELTA® system (Figure 1) is a low-volume diffusion denuder air sampling method for long-term monitoring of atmospheric reactive gases (NH3, HNO3, SO2) and aerosols (NH4+, NO3-, Cl-, SO42-, Na+, Ca2+, Mg2+) (e.g. Sutton et al. 2001, Tang et al., 2018, 2020).
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[bookmark: _Ref96440156]Figure 1: UKCEH DELTA® system
This method provides selective removal of reactive gases on a series of chemically impregnated denuders, with collection of aerosols on downstream aerosol filters (Figure 2). The method is simple to deploy, using a small 6v air pump to provide the desired air sampling rate of 0.2 – 0.4 L min-1, and a high-sensitivity dry gas meter to record sampled volume (m3).
Samples were exposed in monthly cycles, referenced to the beginning of each month (± 5 days of the 1st of each calendar month). Monthly site visits to exchange DELTA® samples were undertaken by a network of trained local site operators, managed by AFBI. Gas meter readings are recorded, to provide the volume of air sampled in each monhtly exposure period. This allows the components measured to be converted to an air concentration (e.g. µg SO2 m3).
Sample preparation and analysis were carried out by the UKCEH Lancaster chemical laboratory. Following exposure, the denuders and aerosol filters from each sample train were extracted into deionised water and analysed for a suite of chemical species, as detailed in Table 2.  
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[bookmark: _Ref94170743]Figure 2: UKCEH DELTA® sample train for speciated collection of reactive gases (HNO3, SO2, NH3) and aerosols (NO3-, SO42-, Cl-, NH4+, Na+, Ca2+, Mg2+). (Left) sample train in situ inside an external detachable sample holder, with a PTC heater at the base to maintain temperature inside the holder at about 3 degrees above ambient. (Right) details on chemical species that are analysed in the aqueous extracts from each component of the sample train.  

[bookmark: _Ref96457803][bookmark: _Toc64030123][bookmark: _Toc94100259]Table 2: Details on gas and aerosol species captured by the DELTA® sample train (Figure 2) and analytical methods for determination of ions in aqueous extracts from different component parts of the DELTA® sample train.
	Sample train component
	DC1 + DC2
	DH
	DA
	PT
	FPH
	FPA

	Species collected
	Gases:
HNO3
SO2
	Gases:
SO2
HONO*
	Gases:
NH3
	Aerosols/ Particulates:
NH4+, NO3-, SO42-, Cl-, Na+, Ca2+, Mg2+
	Aerosols/ Particulates:
NO3-
Cl-
	Aerosol/ Particulate:
NH4+

	Chemical species in aqueous extract /analytical method
	NO3-,
SO42-

Method = IC
	SO42-
NO3-

Method = IC
	NH4+

Method = SEAL-AA3
	NH4+, NO3-, SO42-, Cl-, 
Method = IC
	NO3-
Cl-
SO42-

Method = IC
	NH4+

Method = SEAL-AA3

	
	
	
	
	Na+, Ca2+, Mg2+
Method = ICP-OES
	
	


IC = Ion Chromatography 
ICP-OES = Inductively Coupled Plasma Emission Spectroscopy 
SEAL-AA3 = continuous flow analyser for colorimetric determination of aqueous NH4+ 
HONO* = other gaseous oxidised nitrogen species (e.g. NO2) are also collected on DH denuder. HONO is not reported due to potential interference in HONO determination. 
Nature and Units of recorded values
The air concentrations of gases (e.g. µg SO2 m-3) and aerosols (e.g. µg SO42- m-3) are determined from the amount of chemical species measured (e.g. µg SO42-) divided by the known volume of air sampled (m3) from gas meter readings for the relevant exposure period. 
The limits of detection (LOD) for the gas and aerosol components in the DELTA® methodology were determined as three times the standard deviations of the laboratory blanks and a volume of 15 m3 sampled in a month (Table 3, Table 4).  
[bookmark: _Ref98160251]Table 3: Major ions measured in denuder extracts and typical limits of detection (LOD) for DELTA® method, based on exposure period of a month (volume sampled = 15m3).
	Analytes 
(denuder aqueous extracts)
	UKCEH Lancaster

	
	Analytical Method
	Typical LOD (µg m-3) 
(one month exposure)

	NH4+
	SEAL-AA3
	0.01 (NH3)

	NO3-
	IC
	0.05 (HNO3)

	SO42-
	IC
	0.05 (SO2)


[bookmark: _Ref96463699][bookmark: _Ref471745160]
[bookmark: _Ref98160253]Table 4: Major ions measured in aerosol filter extracts and typical limits of detection (LOD) for DELTA® method, based on exposure period of a month (volume sampled = 15m3).
	Analytes 
(aerosol filter aqueous extracts)
	UKCEH Lancaster

	
	Method
	Typical LOD (µg m-3)
(one month exposure)

	NH4+
	SEAL-AA3
	0.02

	NO3-
	IC
	0.06 

	SO42-
	IC
	0.06 

	Cl-
	IC
	0.16 

	Ca2+
	ICP-OES
	0.09

	Mg2+
	ICP-OES
	0.05

	Na+
	ICP-OES
	0.16


[bookmark: _Toc96465040]Quality control
The DELTA® air sampling system is a long-established method for measuring inorganic water-soluble reactive gas and aerosols, used in the UK’s long-term Acid Gas and Aerosol Network (AGANet) since 1999 (Tang et al., 2018). The method is also extensively published in peer-reviewed literature (e.g., Sutton et al., 2001, Tang et al., 2021), and described in a European standard as a suitable reference method for NH3 (EN 17346, 2020).  
Sample exposure information (manually transcribed from site recording sheets) and raw chemistry data files from analysed air samples, together with associated laboratory and/or field blanks (csv files) are stored, combined and processed in an Oracle-based database (AAGA) developed by UKCEH Edinburgh to automate calculation of gas and aerosol concentrations via a ShinyApp. 
Data ratification of the measurement data follows a comprehensive multi-stage and iterative process, with both automatic and manual data checks and review, in accordance with procedures in the AAGA data processing system SOP. 
Stage 1: The first stage of data review and data quality checks on the dataset is performed by UKCEH Edinburgh using the AAGA data processing tool, with auto-flagging of data (see Table 3). Data flags used are those listed for data submission to the EBAS atmospheric database (https://ebas-submit.nilu.no/). This is an archive and resource for data from the European Monitoring and Evaluation Programme (EMEP), and also for data on atmospheric composition from ground stations around the globe, as well as aircraft platforms. The EBAS data flags are also adopted adopted by the UK AGANet (https://uk-air.defra.gov.uk/networks/network-info?view=aganet). A complete list of all EMEP data flags can be found here: https://projects.nilu.no/ccc/flags/. A shorter list of flags and descriptions, relevant for the DELTA® measurements, is provided in the section on Data Flags.
Automated data checks include:
1) Date overlaps (e.g., sample start date should not be earlier than the end date of the previous monthly sample) to identify incorrectly recorded sample exposure information on sample sheets and/or transcription errors.  
2) Exposure duration is calendar months (± 5 days of the 1st of each month). Occasionally, samplers are left out for longer (Flag 654) or shorter time periods (Flag 653) than the usual monthly cycle due to bad weather, or staff unavailability and these data are flagged to note this. Between April to June 2020, many samples were exposed for extended periods due to COVID restrictions on site visits and are flagged accordingly.     
3) DELTA® sample flow rate: Flow rates (L min-1) are calculated each month from gas meter readings (volume of air, m3) and sample duration (hours). The air pumps used are relatively stable, set at between 0.2 – 0.4 L min-1 for the 4 DELTA sites. Data fail the QC standard where the flow rates for a sampling period is outside normal range for the site. Low measured flow rates indicate that an extended power cut has occurred, that there is a leak in the system or some other causes. High or low flow rates could also indicate incorrectly recorded sample exposure information and/or transcription error on gas meter readings. 
4) Automated statistical analysis and rejection of extreme outliers from monthly batches of laboratory blanks.
5) Missing samples: Samples may be lost due to, for example, strong winds and bad weather, from animal interference, or in the post. Missing samples are assigned the value -9999 and marked as invalid (-1), with data capture = 0.


Stage 2: The second stage of data quality checks includes a manual review of the data. Data are manually flagged during this review process (see Table 3 and section on data flags). 
Manual data checks include: 
1) Manual review of monthly laboratory blanks for final set of blanks to be included in calculations.
2) Ion balance and plots – molar ratio of Na+ : Cl- = > 0.5 and < 2.0
3) Ion balance and plots – molar ratio of NH4+ : sum (NO3- + 2 x SO42-) = > 0.5 and < 2.0
4) Sampling malfunction, such as damaged samples, water ingress, or problems identified by the local site operator or by the laboratory. Any data that are identified as affected by instrument malfunctions, or known issues are invalidated and flagged.
5) Low outliers: for example, samples with values similar to laboratory blanks, which suggests i) sample had not been exposed, 2) denuder/filter not coated (a simple check with pH paper will confirm), iii) sample had become wet, or iv) some other causes.
6) High outliers: for example, all aerosol values larger than normal, but all gases are close to blank values, which suggests a potential leak or breakage between denuders and aerosol filters.
Following manual review and corrective actions on the system, output files containing calculated concentrations and data flags are generated in a standardised reporting template (see Table 3), and are time-stamped, with versioning control for stage 3 review.
Stage 3: The third stage is an expert review and a project manager review of the data. This requires the judgement of experienced air quality scientists who will have to consider the validity of data in the light of many issues, including:
· Knowledge of the sites, based on information on regional patterns from modelling, and local site activities (e.g., emission source sectors). 
· Expected concentrations and trends. 
· Expected temporal trends (e.g., largest concentrations of SO2 usually in winter months). 
· Inter-comparing NH3 concentrations at sites where DELTA® measurements are co-located with ALPHA® measurements from the NI Ammonia Monitoring Network, or other projects.
· Comparing concentrations between years, to identify outliers.
· Comparing concentrations between sites, to identify outliers.
· Relationships between gas and aerosols.
· The impact of air pollution episodes.
Once all the ratification checks and revisions have been made, a final “locked” output (time-stamped, with version number) is generated with a status flag of "Ratified".

[bookmark: _Toc96465042]

Details of data structure
The contents of the dataset are listed in Table 5. All concentration data are time-integrated averaged concentration for the specified exposure period and are given in the units of µg m-3.
[bookmark: _Ref96458971][bookmark: _Ref96506040]Table 5: Contents of datasets. 
	column
	title
	details

	1
	site_id
	site code from AAGA system (e.g., AFBI25)

	2
	site_name
	unique site identifier

	3
	network_id
	network Identification (id) = AFBI 

	4
	parameter_id
	identification (id) of method and what is measured: 
Gases: delta_NH3_g: [delta = method, NH3 = chemical species (ammonia, NH3), g = gas phase] 
a_HNO3_g (nitric acid, HNO3), [a = atmospheric (delta method); g = gas phase], a_SO2_g (sulphur dioxide, SO2) 
Particles/aerosol: a_NH4_p: [a = atmospheric (delta method), NH4 = chemical species (ammonium, NH4+), p = particulate phase],
a_NO3_p (nitrate, NO3-), a_Cl_p (chloride, Cl-), a_Na_p (sodium, Na+), a_Ca_p (calcium, Ca2+), a_Mg_p (magnesium, Mg2+)

	5
	measurement_start_date
	exposure start date (dd/mm/yyyy)

	6
	Measurement_start_time
	exposure start time (hh:mm)

	7
	Measurement_end_date
	exposure end date (dd/mm/yyyy)

	8
	Measurement_end_time
	exposure end time (hh:mm)

	9
	measurement
	Atmospheric gas / aerosol concentration, unit = µg molecule m-3

	10
	Less_than
	1 = value < limit of detection (LOD) (see Table 3, Table 4) 
0 = value > limit of detection (LOD) (see Table 3, Table 4)
Value < negative LOD are automatically rejected
and assigned 652 data flag

	11
	verification_id
	3: Not verified
2: Preliminary verified
1: Verified

	12
	Unit_id
	24: µg m-3

	13
	Data_capture
	0 = missing, or rejected data
100 = accepted data

	14
	Validity_id
	1 = valid 
-1 = invalid

	15
	EMEP_code
	Data status code: ABCDEFGHIJK
A = Verification Status: single data flag field as currently used in UK-AIR (1 = verified, 0 = provisional)
B = data issue number (0 = original, 1, 2, 3… if data has been re-submitted)
CDE: EMEP flag 1, FGH: EMEP flag 2, IJK: EMEP flag 3

	16
	MONTH
	month measurement 

	17
	YEAR
	year of measurement 

	18
	Comments
	Site comments relating to manual flagging


Ratified data are generated from the AAGA database in a standardised reporting template, and are time-stamped, with versioning control. The final dataset contains all data values, flagged as appropriate. Each row corresponds to one month’s data for a single site, identified by the site name. Site names are provided in Table 1, along with spatial identifiers.

[bookmark: _Toc96465043]Data Flags:
This is a shorter list of EMEP data flags relevant for the ammonia measurements and applied to the data. The EMEP flags are also used in the UK national networks, and adopted for the network in NI, for consistency and to harmonise data submissions across different networks. The full list of data flags is available from https://projects.nilu.no/ccc/flags/index.html. 
All EMEP flags are grouped in three categories: V (Valid measurement), I (Invalid measurement) and M (Missing measurement) 

	Flag
	Categories
	Description

	Group 9: Missing flags

	999
	M
	Missing measurement, unspecified reason

	
Group 7: Flags used when the value is unknown

	799
	I
	Measurement missing (unspecified reason), data element contains estimated value

	798
	V
	Measurement missing (unspecified reason), data element contains estimated value. Considered valid.

	797
	V
	Data element taken from co-located instrument

	781
	V
	Value below detection limit, data element contains detection limit

	780
	V
	Value below detection or quantification limit, data element contains estimated or measured value. Use of flag 147 is encouraged.

	771
	V
	Value above range, data element contains upper range limit

	770
	V
	Value above range, data element contains estimated value

	
Group 6: Mechanical or instrumental problem

	699
	I
	Mechanical problem, unspecified reason

	669
	I
	Moist or wet filter, invalid

	668
	V
	Moist or wet filter, valid

	666
	I
	Filter damaged, invalid

	665
	V
	Filter damaged, valid

	664
	I
	Instrument flow(s) too far off target value, considered invalid

	663
	I
	Too high sampling flow, data considered invalid

	662
	V
	Too high sampling flow, data considered valid

	660
	V
	Unspecified sampling anomaly, considered valid

	659
	I
	Unspecified sampling anomaly

	658
	I
	Too small air volume

	654
	V
	Sampling period longer than normal, considered representative. Observed values reported

	653
	V
	Sampling period shorter than normal, considered representative. Observed values reported

	652
	V
	Construction/activity nearby

	651
	V
	Agricultural activity nearby

	649
	V
	Temporary power fail has affected sampler operation

	647
	V
	Fire/wood burning nearby

	641
	I
	Aerosol filters installed incorrectly

	620
	I
	Too high filter breakthrough, considered invalid

	
Group 5: Chemical problem

	599
	I
	Unspecified contamination or local influence

	591
	I
	Agricultural contamination, considered invalid

	567
	I
	Insect contamination, considered invalid

	559
	V
	Unspecified contamination or local influence, but considered valid

	534
	I
	Wrong coated denuder used

	533
	I
	Filters mixed up; incorrect analysis

	532
	V
	Data less accurate than normal due to high field blank value

	
Group 4: Extreme or inconsistent values

	499
	V
	Inconsistent with another unspecified measurement

	478
	I
	Invalid due to inconsistency discovered through ion balance calculations

	476
	V
	Inconsistency discovered through ion balance calculations, but considered valid

	472
	V
	Less accurate than normal due to high concentration(s)

	460
	I
	Contamination suspected

	459
	I
	Extreme value, unspecified error

	458
	V
	Extremely high value, outside four times standard deviation in a lognormal distribution

	457
	V
	Extremely low value, outside four times standard deviation in a lognormal distribution

	456
	I
	Invalidated by data originator

	452
	I
	Invalid due to large uncertainty

	420
	V
	Preliminary data

	


Group 3: Flags for aggregated datasets

	370
	V
	For monthly averages with samples partly in two months, the number of days in each month is used for weighing the sample

	360
	V
	Sampling interval is one of several sampling intervals averaged



	




Group 2: Exception flags assigned by the database co-ordinator

	299
	V
	Inconsistent with another unspecified measurement

	278
	I
	Invalid due to inconsistency discovered through ion balance calculations

	276
	V
	Inconsistency discovered through ion balance calculations, but considered valid

	260
	I
	Contamination suspected

	259
	I
	Unspecified error expected

	258
	V
	Extremely high value, outside four times standard deviation in a log-normal distribution

	257
	V
	Extremely low value, outside four times standard deviation in a log-normal distribution

	256
	I
	Invalidated by database co-ordinator

	250
	V
	Considerable sea salt contribution, but considered valid

	249
	V
	Apparent typing error corrected. Valid measurement

	220
	V
	Preliminary data

	211
	V
	Irregular data checked and accepted by database co-ordinator. Valid measurement

	210
	V
	Episode data checked and accepted by database co-ordinator. Valid measurement

	
Group 1: Exception flags for accepted, irregular data

	147
	V
	Below theoretical detection limit or formal Q/A limit, but a value has been measured and reported and is considered valid

	120
	V
	Sample reanalysed with similar results. Valid measurement

	111
	V
	Irregular data checked and accepted by data originator. Valid measurement

	110
	V
	Episode data checked and accepted by data originator. Valid measurement

	103
	V
	CV of replicate ALPHA samplers > 15 %. Valid measurement

	102
	V
	CV of replicate diffusion tubes > 30 %. Valid measurement

	101
	V
	Denuder capture efficiency < 75%. Valid measurement

	100
	V
	Checked by data originator. Valid measurement, overrides any invalid flags

	
Group 0: Valid data

	000
	V
	Valid measurement
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Resource locators
URL:		https://uk-air.defra.gov.uk/networks/network-info?view=aganet
Title:		UKEAP Acid Gas and Aerosol Network (AGANet)  
Description:	Supporting information
Function:	information
Information on the DELTA® air monitoring protocol from the national network, which was applied in the Northern Ireland reactive gas and aerosol network.

URL:		https://uk-air.defra.gov.uk/networks/network-info?view=nh3
Title:		UKEAP National Ammonia Monitoring Network (NAMN)  
Description:	Supporting information
Function:	information
Information on the ALPHA® and DELTA® NH3 monitoring protocols from the national network, and on annual ALPHA® field calibrated uptake rates, which were applied in the Northern Ireland NH3 network.
URL:		https://projects.nilu.no/ccc/flags/ 
Title:		List of flags used in EBAS  
Description:	Supporting information
Function:	information
Information on the complete list of flags defined in EBAS for submission of data to the co-operative programme for monitoring and evaluation of the long-range transmission of air pollutants in Europe (unofficially 'European Monitoring and Evaluation Programme' = EMEP)
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