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Abstract. Nitrogen dioxide (NO2), a criteria pollutant used for the Air Quality Health Index 13 

(AQHI) reporting, can have important environmental and human respiratory health effects when 14 

present in the near-surface atmosphere. For this study, urban surface volume mixing ratios (VMRs) 15 

are derived from Pandora total column measurements. Pandora remote sensing instruments can be 16 

used to evaluate surface air quality and complement in situ instruments to support long-term 17 

monitoring of ambient air quality. At four sites in the Greater Toronto Area and Detroit-Windsor 18 

Area, Pandora direct sun measurements are converted to surface VMRs following a method 19 

utilizing a high-resolution air quality forecasting model. The resulting VMRs agree with coincident 20 

in situ measurements to within 2 ppbv from 2020 through 2024. This method is shown to be most 21 

effective when the Planetary Boundary Layer (PBL) is above 750 m as estimated by ERA5 22 

reanalysis, while dependence on PBL height below 750 m is evaluated. The surface VMR derived 23 

from Pandora direct sun measurements when the PBL is below 750 m has a median difference of 24 

-1.7 ppbv (parts per billion by volume) (10th percentile: -8.2 ppbv, 90th percentile: 3.2 ppbv) with 25 

respect to coincident in situ measurements. When a logarithmic correction is applied as a function 26 

of PBL height for these shallow PBL conditions, the median difference is reduced to 0.5 ppbv  27 

(-4.8 ppbv, 4.1 ppbv). 28 

1 Introduction 29 

 Pollutants in the near-surface atmosphere can adversely affect human and environmental 30 

health. Nitrogen dioxide (NO2) is a criteria pollutant used for the Air Quality Health Index (AQHI) 31 

that is commonly emitted by anthropogenic sources (Siu et al., 2025) and that can harm human 32 
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respiratory health directly and indirectly. NO2 exposure itself can lead to respiratory problems, and 33 

nitrogen oxides (NOx = NO + NO2) in the atmosphere contribute to the formation of surface ozone 34 

that can also damage lung tissue (Lamsal et al., 2015). The 2025 Canadian Ambient Air Quality 35 

Standards for NO2 specify outdoor air quality objectives of 42 ppbv (parts per billion by volume) 36 

for the one-hour metric and 12 ppbv for the annual metric (Canadian Council of Ministers of the 37 

Environment, 2025). 38 

 To quantify this exposure, ambient surface NO2 concentrations are monitored using in situ 39 

gas analyzer instruments. The National Air Pollution Surveillance (NAPS) program in Canada and 40 

the Air Quality System (AQS) program of the US Environmental Protection Agency in the United 41 

States constitute expansive networks of in situ instruments that have been used to monitor NO2 42 

concentrations and trends (Lamsal et al., 2015) and to evaluate remote-sensing measurements of 43 

NO2, including from TEMPO and TROPOMI (Siu et al., 2025) in North America. 44 

The remote-sensing ground-based Pandora UV-visible spectrometers that comprise the 45 

Pandonia Global Network (PGN) can measure atmospheric composition using multiple viewing 46 

geometries, including Multi-AXis Differential Optical Absorption Spectroscopy (MAX-DOAS), 47 

zenith-sky, and direct sun (DS) measurements, from which total column, partial column, and 48 

vertical profile NO2 products are retrieved (Cede, 2024). These PGN L2 products have been used 49 

to track NO2 concentrations during the COVID-19 pandemic (Zhao et al., 2022) in the Toronto 50 

area, to assess air quality improvement via NO2 near-surface concentration reduction in Rome 51 

from 2017 through 2022 (Di Bernardino et al., 2023), and to validate satellite data. OMI satellite 52 

column retrievals alongside surface observations showed modest correlation to Pandora (Lamsal 53 

et al., 2014), while TROPOMI, with its smaller pixel size, showed better agreement (Judd et al., 54 

2020; Verhoelst et al., 2021; Park et al., 2022). The goal of this study is to derive NO2 surface 55 

volume mixing ratios (VMRs) from Pandora direct sun total columns. 56 

We present NO2 surface VMRs derived from Pandora total column measurements by 57 

applying the high-resolution air quality forecast model-based conversion method from Zhao et al. 58 

(2019). To convert from total columns to surface VMRs, the method uses: (i) the ratio of NO2 59 

surface volume mixing ratio to planetary boundary layer column from the Environment and 60 

Climate Change Canada (ECCC) regional air quality forecast model called Global Environmental 61 

Multi-scale-Modelling Air quality and Chemistry (GEM-MACH), (ii) the stratospheric NO2 62 

column from the Pandora, and (iii) the free tropospheric NO2 column from the Goddard Earth 63 
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Observing System-Chemistry (GEOS-Chem) chemical transport model. Using this method, Zhao 64 

et al. (2019) showed that the surface VMRs derived from Pandora zenith-sky total columns agreed 65 

to within ±2 ppbv when compared with in situ measurements in Toronto at the Downsview site 66 

from 2015 to 2017. 67 

This study evaluates the effectiveness of this algorithm when applied to total columns from 68 

Pandora direct sun measurements at four sites in Toronto and in the Detroit-Windsor Area under 69 

different meteorological and pollutant conditions. These sites include Downsview and Toronto 70 

West in the Greater Toronto Area (GTA) as well as Southwest (SW) Detroit and Windsor West in 71 

the Detroit-Windsor Area (DWA), shown on the maps in Fig. 1. To investigate how well the 72 

derived surface estimates capture surface NO2 behaviour, the VMRs derived from Pandora direct 73 

sun total NO2 columns are compared to measurements made by in situ instruments at each site as 74 

a function of time and of meteorological conditions. A new correction method is developed and 75 

verified to improve the results in low Planetary Boundary Layer (PBL) height conditions. 76 

 77 

Figure 1. Maps of Pandora sites showing Downsview and Toronto West in the Greater Toronto Area (left) and SW Detroit 78 
and Windsor West in the Detroit-Windsor Area (right), with each site marked with a black star. Maps were created using 79 
the MathWorks MATLAB Mapping Toolbox. Powered by Esri. Image source: (left) Esri, TomTom, Garmin, SafeGraph, 80 
GeoTechnologies, Inc, METI/NASA, USGS, EPA, NPS, USDA, NRCan, Parks Canada (right) Esri, TomTom, Garmin, 81 
SafeGraph, GeoTechnologies, Inc, METI/NASA, USGS, EPA, NPS, US Census Bureau, USDA, USFWS, NRCan, Parks 82 
Canada. 83 

This paper is organized as follows. Section 2 presents the datasets used in this work. 84 

Section 3 provides an overview of the column-to-surface conversion method. Section 4 85 

summarizes results for each site with respect to time of day and season, and summarizes the impact 86 

of meteorological conditions, including wind speed and direction, and PBL height, on the 87 
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agreement between the derived VMR estimates and in situ VMR measurements for each site. 88 

Finally, Section 5 summarizes the outcomes of this study. 89 

2 Datasets and models 90 

In this study, NO2 columns retrieved from remote-sensing measurements are combined 91 

with atmospheric model outputs to derive surface NO2 VMRs that are evaluated against nearby in 92 

situ measurements. The datasets used in this study comprise three categories: measurements by in 93 

situ instruments, retrievals from remote sensing instruments, and outputs from atmospheric 94 

models.  95 

To derive surface NO2 VMRs from column measurements of NO2 following the method 96 

used in this study, at least three datasets are required as inputs. Each site is described in Section 97 

2.1, then each dataset is described in Sections 2.2 to 2.4. Table 1 summarizes the datasets that 98 

serve as inputs for the conversion method of Zhao et al. (2019), described in detail in Section 3. 99 

 100 

Table 1. Instrument name, site coordinates, datasets, and period covered in this work. 101 

 Instrument Site (Lat, Lon) Datasets Period 
Remote 
sensing 
 

Pandora 104 Downsview, ON, Canada 
(43.7810, -79.4680) 

NO2 total columns from 
Direct Sun observations, 
climatological NO2 
stratospheric columns 

2020-2024 

Pandora 108 Toronto West, ON, Canada  
(43.7094, -79.5435) 

2021-2024 

Pandora 208 Windsor West, ON, Canada  
(42.2929, -83.0731) 

2022-2024 

Pandora 147 SW Detroit, MI, USA 
(42.3026, -83.1068) 

2021-2024 

Model GEOS-Chem 

Selected to nearest grid 
box  to each Pandora 
location 

NO2 free tropospheric 
columns 

2020-2024 

GEM-MACH NO2 surface VMRs, 
NO2 PBL columns 

ERA-5 Planetary Boundary Layer 
(PBL) height, zonal and 
meridional winds on 
pressure levels averaged on 
lowest five levels from 1000-
900 Pa, 10 m temperature 

In situ 
 

Thermo Fisher 
42i (MECP & 
NAPS) 

Downsview  
(43.7805, -79.4674) 
Toronto West  
(43.7094, -79.5435)  
Windsor-West  

NO2 surface observations 

2020-2024 
 
2021-2024 
 
2022-2024 
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(42.2929, -83.0731) 

Thermo Fisher 
42i (EGLE & 
EPA/AQS) 

SW Detroit 
(42.3028, -83.1062) 

2021-2024 

2.1 In situ measurements 102 

Section 2.1.1 describes the two sites in the Greater Toronto Area and Section 2.1.2 103 

describes the two sites in the Detroit-Windsor Area. Each site hosts an in situ NOx analyzer that 104 

measures NO2 surface VMRs with hourly resolution, operated by the Ontario Ministry of the 105 

Environment, Conservation, and Parks (MECP) as part of the National Air Pollution Surveillance 106 

(NAPS) program in Canada and by the Department of Environment, Great Lakes, and Energy 107 

(EGLE) as part of the AQS program in the United States. 108 

In situ NO2 concentrations were indirectly measured using a Thermo Fisher 42i NO-NO2-109 

NOx analyzer based on the chemiluminescence technology. This method may overestimate 110 

NO2 due to interference from other reactive nitrogen species (e.g., nitric acid and peroxyacetyl 111 

nitrate), particularly in areas with limited direct emissions of nitrogen oxides (e.g., rural areas). To 112 

evaluate this potential bias, co-located measurements were conducted from 2016 to 2022 at the 113 

Downsview site and the Highway 401 Roadside station near the Toronto West site using both the 114 

Thermo 42i and an API T500U, which employs cavity attenuated phase shift (CAPS) spectroscopy 115 

technology. The differences between direct and indirect NO2 measurements were small, with 116 

median differences of 1 ppbv (0.6 ± 1.1 ppbv) at the Downsview site (May 2016 to February 2017) 117 

and 0.5 ppbv (0.3 ± 1.8 ppbv) at the Highway 401 Roadside station (March 2017 to March 2022). 118 

2.1.1 Greater Toronto Area 119 

The MECP conducts in situ measurements of common air pollutants at stations across 120 

Ontario. The Downsview site is at the Environment and Climate Change Canada (ECCC) Toronto 121 

headquarters, in a suburban area in the northern part of the Greater Toronto Area where the nearest 122 

point sources are traffic on Highway 407, which runs east-west and is approximately 2 km north 123 

of the site at its closest point, and traffic on Dufferin Street about 180 m west of the site. Pandora 124 

104 was operated here from 2013 to 2024. The Toronto West site is an air-quality monitoring 125 

station that hosts Pandora 169 operated by ECCC and an in situ NO-NO2-NOx analyzer operated 126 
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by MECP. This site is in an urban area 150 m south of Highway 401 and is about 6 km east of the 127 

Toronto Pearson International Airport (YYZ). Data from the in situ and Pandora instruments 128 

covered the period from 2020-2024 for Downsview and 2021-2024 for Toronto West. 129 

2.1.2 Detroit-Windsor Area 130 

The Windsor West site in Ontario, Canada, is an air-quality monitoring station that hosts 131 

Pandora 208 operated by ECCC and an in situ chemiluminescence NOx analyzer operated by 132 

MECP. The Southwest Detroit site in Michigan, USA, is an air-quality monitoring station that 133 

hosts Pandora 147 and an in situ NO-NO2-NOx analyzer operated by the United States 134 

Environmental Protection Agency (EPA). Data from the in situ and Pandora instruments covered 135 

the period from 2022-2024 for Windsor West and 2021-2024 for SW Detroit. Hourly in situ 136 

measurements with 0.4 ppbv precision are used in this study to evaluate the performance of the 137 

Pandora column-to-surface derivation results. 138 

Zug Island is a large industrial site on an island in the Detroit River that emits NO2 as part 139 

of the steel production process. This site is near to both the Windsor West and SW Detroit sites, 140 

which are both in urban areas.  141 

2.2 Remote sensing measurements 142 

2.2.1 Pandora direct sun total NO2 column and climatological stratospheric NO2 column 143 

The Pandora instruments used in this study are summarized in Table 1. Pandora 144 

instruments measure spectra using an Avantes spectrometer with a back-thinned CCD detector to 145 

measure from 280 to 530 nm at 0.6 nm spectral resolution. Using pan-tilt motors to point the optical 146 

head light entrance for measurements, Pandora spectrometers can achieve multiple viewing 147 

geometries, including direct sun, MAX-DOAS, and zenith-sky configurations. Among these, only 148 

direct sun Pandora measurement data are used for this study, i.e. NO2 total columns from L2 149 

retrieval version rnvs3p1-8 that are publicly available on the PGN website. PGN L2 data have 150 

been processed using a standardized retrieval implemented by the LuftBlick team and described 151 

in (Cede, 2024). This involves fitting the spectra using total optical absorption spectroscopy 152 

techniques to estimate NO2 columns using the BlickO retrieval software. For this product, the 153 

retrieval is done in the visible range and involves calculating slant columns and scaling them by 154 
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the inverse of airmass factor estimated from the geometry of the direct sun viewing angle. More 155 

details on this data product can be found in the PGN Readme File (Cede et al., 2025). 156 

Pandora instruments that run the measurement routine recommended by the PGN have a 157 

typical direct sun measurement duration from 30 seconds to one minute, with one measurement 158 

about every 11 minutes because the instrument alternates between viewing geometry modes. L2 159 

Pandora NO2 columns from direct sun measurements come with detailed uncertainty information 160 

associated with each measurement point. The accuracies for cloud-screened data with up-to-date 161 

calibration typically range from 1 μmol/m2 to 8 μmol/m2 depending on solar zenith angle, as seen 162 

in Fig. 9 of Cede et al. (2025). The latest Pandora L2 rnvs3p1-8 data product includes 163 

climatological stratospheric NO2 columns that can be used to estimate the stratospheric NO2 164 

column at the Pandora measurement time; these are derived from work done by Brohede et al. 165 

(2007). The impact (on the derived VMR, 𝐶௣௔௡, in Eq. 1 below) of using Pandora climatological 166 

estimates rather than OMI stratospheric NO2 columns was explored. This substitution was found 167 

to have no statistically significant impact on the agreement between the in situ and derived surface 168 

VMRs. In the rest of this study, stratospheric NO2 column estimates at Pandora measurement times 169 

are the climatological values from rnvs3p1-8. 170 

2.3 Atmospheric models 171 

Two quantities are estimated from atmospheric model products: the free tropospheric NO2 172 

column; and the ratio of NO2 surface VMR to PBL column. Several ERA5 reanalysis products are 173 

used to evaluate the performance of the Pandora column-to-surface conversion algorithm. 174 

2.3.1 GEOS-Chem 175 

The NASA Global Modelling and Assimilation Office’s Goddard Earth Observing System 176 

(GEOS) meteorological observations are used as inputs to the GEOS-Chem atmospheric chemistry 177 

model. These are monthly concentrations from GEOS-Chem operational outputs on the 0.5  178 

0.67 resolution grid, version v8-03-01 (Bey et al., 2001; McLinden et al., 2014). From these 179 

outputs, monthly mean NO2 partial columns in the free-troposphere (1.5 to 12 km) were calculated 180 

to account for the fact that the GEM-MACH model does not currently include free tropospheric 181 

NO2 sources. The free tropospheric NO2 column estimates, for altitudes of 1.5 to 12 km defined to 182 

be the bounds of the free troposphere in GEOS-Chem, come from GEOS-Chem monthly averages 183 
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that have been interpolated to hourly time steps using the Pratmo box model (Brohede et al., 2008; 184 

Lindenmaier et al., 2011; McLinden et al., 2000). The PBL is considered to extend from the surface 185 

to 1.5 km in this estimate. 186 

2.3.2 GEM-MACH 187 

GEM-MACH is ECCC’s operational regional air quality forecasting model (Moran et al., 188 

2026a,b). Hourly surface pollutant concentrations over North America are generated twice daily 189 

for the next 48-hour period. The model is an extension of the ECCC Global Environmental Multi-190 

scale (GEM) numerical weather prediction model with the addition of an online tropospheric 191 

chemistry module. Free-tropospheric NOx emissions from lightning and in-flight aircraft are not 192 

currently included in the operational GEM-MACH model, necessitating the use of GEOS-Chem 193 

estimates of free-tropospheric NO2 in this study. Hourly NO2 columns from 0 to 1.5 km and surface 194 

concentrations from archived operational forecasts on the native model grid over North America 195 

with 10 km  10 km horizontal resolution for the period 2020 to 2024 have been gathered for this 196 

work. At each site in this study, the grid box located closest to the Pandora instrument was used. 197 

The ratio of surface VMR to PBL NO2 column is estimated from the outputs of the operational 198 

version of GEM-MACH. At each site, the data from these models are selected from the grid box 199 

nearest to the site coordinates. 200 

2.3.3 ERA5 reanalysis 201 

ERA5 reanalysis products provide information about meteorological conditions at each site 202 

by selecting the model grid cell that contains the site. For this project, the ERA5 reanalysis 203 

products on single levels and on pressure levels are used. Wind u- and v- components on the lowest 204 

five pressure levels were downloaded (from 1000 hPa through 900 hPa in 250 hPa intervals). The 205 

u- and v- components were converted to wind direction and wind speed, and wind direction was 206 

sorted into 30 bins when evaluating the performance of the algorithm at each site. The PBL height 207 

was downloaded from the ERA5 reanalysis products on single levels and binned in 100 m high 208 

layers from 0 m at the surface to 2500 m, where PBL heights exceeding 2500 m were included in 209 

the last bin. 210 
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3 Column-to-surface conversion algorithm 211 

Estimates of NO2 surface VMR were derived from Pandora direct sun NO2 total columns 212 

following the conversion method of Zhao et al. (2019). First, the stratospheric and free 213 

tropospheric NO2 columns are subtracted from the total column to yield a planetary boundary layer 214 

NO2 column, the first group of terms in parentheses in the equation below. Then, this PBL column 215 

is multiplied by the model ratio of VMR-to-PBL to estimate the NO2 surface VMR. This method 216 

of converting Pandora direct sun NO2 total column in Dobson units to surface VMR in ppbv 217 

follows: 218 

𝐶௣௔௡ = ൫𝑉௣௔௡ − 𝑉௦௧௥௔௧ − 𝑉௙௧௥௢௣൯ × ቀ
஼

௏ುಳಽ
ቁ

ீିெ
 ,                  (1) 219 

where 𝐶௣௔௡ is the output derived NO2 surface VMR,  𝑉௣௔௡ is the input Pandora direct sun total 220 

column NO2, and the three additional inputs are the Pandora climatological stratospheric NO2 221 

column, 𝑉௦௧௥௔௧; the GEOS-Chem free troposphere NO2 column, 𝑉௙௧௥௢௣, and the GEM-MACH ratio 222 

of surface VMR to PBL column NO2, ቀ
஼

௏ುಳಽ
ቁ

ீିெ
. As the in situ and model outputs are reported 223 

hourly, the Pandora input is averaged hourly and therefore the 𝐶௣௔௡ are hourly. Figure 2 shows the 224 

resulting time series of 𝐶௣௔௡ at each site.    225 

 226 
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Figure 2. NO2 surface VMR, CDerived, derived from Pandora direct sun measurements at each site (in UTC). From top to 227 
bottom the panels show the time series of hourly measurements in ppbv at (a) Downsview, (b) Toronto West, (c) Windsor 228 
West, and (d) SW Detroit.  229 

4 Results 230 

4.1 Comparing derived VMR with in situ VMR 231 

In urban environments, the NO2 VMR near the surface during daylight hours (when direct 232 

sun measurements are made) tends to follow a diurnal pattern where NO2 peaks early in the 233 

morning, around 7 AM local solar time (LST), then declines through the rest of the day into the 234 

evening. This is due to elevated emissions during traffic hours and low PBL heights in the early 235 

morning and may be less affected by photochemical processes that destroy NO2. This expected 236 

time-of-day pattern in surface NO2 is reflected in the in situ and the derived surface NO2 VMRs, 237 

as shown in Fig. 3. The panels in Fig. 3 are comprised of dual y-axis hour-of-day box plots of 238 

surface VMR from in situ measurements and derived from Pandora measurements on the left axis 239 

and the PBL height on the right axis. Below those box plots are histograms of the counts of 240 

measurements during each daylight hour in the full time series at that site. Note that the Pandora 241 

direct sun measurements only take place when the sun is above the horizon, so there are no 242 

measurements before 7 AM LST and after 6 PM LST. In the morning around rush hour between 243 

8 AM and 10 AM LST, both instruments tend to measure the peak surface NO2 VMR. This 244 

coincides with the time of day when the PBL tends to be shallow as shown in orange. In the 245 

afternoon, NO2 VMRs tend to decrease while the PBL height is on average higher than it is in the 246 

morning. The difference between the Pandora DS-derived and the in situ surface NO2 VMRs is: 247 

∆𝐶 = 𝐶௣௔௡ −  𝐶௜௡ ௦௜௧௨,          (2) 248 

 When ∆𝐶 is positive, the Pandora DS-derived surface VMR is larger than the in situ VMR. 249 

The hour of day difference between ∆𝐶 and PBL height are shown in Figure 4, no strong diurnal 250 

dependences of the agreement between the derived and in situ surface VMRs were found, but it 251 

can be noted that the largest values of ∆𝐶 appear to occur when the PBL height is shallow, below 252 

about 750 m, which tends to occur in the early morning and late evening. Figure 4 shows that 253 

measurement counts are much lower in the early morning and late evening, likely due to reduced 254 

or absent sunlight affecting Pandora observations. This raises the question of whether the accuracy 255 

and precision of Pandora measurements during these periods are comparable to those obtained 256 
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during the rest of the day; this along with undersampling could explain the larger ∆C values 257 

observed. This shallow PBL height behaviour is discussed in the next section. 258 

 259 

 260 

Figure 3. The upper panel in each pair shows the hourly variation of CIn Situ (green) and Pandora-derived (blue) NO2 surface 261 
VMR (CDerived) along the left axis, and Planetary Boundary Layer height (PBL height) (yellow) along the right axis, at (a) 262 
Downsview, (b) Toronto West, (c) Windsor West, and (d) SW Detroit. These box plots show the median and inter-quartile 263 
range while the whiskers show the range of values excluding outliers.  The lower panel in each pair shows coincident 264 
measurement counts for both the Pandora and in situ instruments during each daylight hour for the full time series at each 265 
site (hours when one or both of each pair of instruments lacked measurements have been excluded). 266 

 267 
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 268 

Figure 4. Hour of day variation of ΔC (ΔC = Cpan – Cin situ) (red) and PBL height (yellow) at (a) Downsview, (b) Toronto 269 
West, (c) Windsor West, and (d) SW Detroit. The box plots show the median and inter-quartile range while the whiskers 270 
show the range of values excluding outliers. When the PBL height is large, the differences tend to be closer to zero. For 271 
shallow PBL heights, however, ΔC shows larger deviations from zero in both the positive and negative direction, indicating 272 
that when the PBL height is shallow, the airmasses seen by the two instruments may be more different than when the PBL 273 
height is taller. 274 

4.1.1 Boundary layer height dependence 275 

The agreement between the derived 𝐶௣௔௡ and the in situ 𝐶௜௡ ௦௜௧௨ NO2 surface VMR varies 276 

with PBL height. When the PBL height is above about 750 m, which constitutes at least 41% of 277 

the data at each site, this agreement appears to be independent of PBL height at Downsview, 278 

Windsor West, and SW Detroit. At Toronto West, in this regime the agreement still varies with 279 

PBL height, with maximum differences when PBL height is about 1500 m and better agreement 280 

for PBL heights above and below 1500 m. The Toronto West site is near Pearson International 281 

Airport and winds from the direction of the airport may be contributing to this different pattern, as 282 

even for higher PBL heights the mixing might not account for NO2 from aircraft above. 283 
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In the regime where PBL height is below 750 m, the agreement improves with increasing 284 

PBL, as shown in Fig. 5. The median, 10th, and 90th percentile values of 𝐶௣௔௡, 𝐶௜௡ ௦௜௧௨, and the 285 

difference ∆𝐶 when PBL height is below 750 m are presented in Table 2. When the PBL height is 286 

in this range, the NO2 is less well-mixed, and the performance of the algorithm is expected to 287 

depend more strongly on NO2 that is detected by the Pandora measurement and not by the in-situ 288 

measurement and might not be accounted for in the Pandora climatological stratospheric or GEOS-289 

Chem free tropospheric NO2 estimates. This NO2 could come from local emission sources, 290 

including nearby traffic or local point sources. When the median ∆𝐶 is negative, the derived 291 

surface VMR often underestimates the in situ VMR, which occurs for Windsor West and SW 292 

Detroit, the two sites in urban areas with strong nearby point sources of NO2. At Downsview, ∆𝐶 293 

is smaller than at Windsor West or SW Detroit, which is likely due to the sites being in a more 294 

suburban area, with few nearby sources except one highway. At Toronto West, however, the small 295 

negative difference may be attributed to the Pandora instrument detecting lofted NO2 that may 296 

come from airplanes approaching or departing the nearby Pearson International Airport that is 297 

about 6 km southwest of the site, since the site is often downwind of the airport. These plumes 298 

would pass through the Pandora measurement field-of-view without being transported to the 299 

surface when the PBL height is low and therefore mixing is limited and the surface instrument 300 

would give a better estimate of surface VMR under those conditions. SW Detroit and Windsor 301 

West have similar large negative median differences, which could be due to local emissions that 302 

are not detectable by the Pandora when the PBL height is shallow. It is possible that these changes 303 

in NO2 are taking place outside of the direct sun cone, that is the field-of-view of the instrument 304 

in the direct sun viewing mode and might be detected by the local sensor without being seen by 305 

the Pandora. 306 

Table 2. Median surface NO2 volume mixing ratios from in situ measurements (Cin situ), Pandora DS-derived estimates (Cpan), 307 
and the difference between the two (∆𝑪) for PBL heights up to and including 750 m. 308 

Site Median Cin situ  
(10th, 90th percentile) 

[ppbv] 

Median Cpan  
(10th, 90th percentile) 

[ppbv] 

Median ∆𝑪 
(10th, 90th percentile) 

 [ppbv] 
Downsview 5.4 (1.6, 15.7) 6.3 (2.5, 19) -1.2 (-7.1, 4.0) 

Toronto-West 6.5 (2.6, 18.9) 8.0 (3.0, 19.4) -0.6 (-7.4, 5.0) 

Windsor West 3.9 (0.8, 12.7) 7.1 (2.3, 20) -2.8 (-9.0, 0.0) 

SW Detroit 5.7 (2.1, 14.4) 8.9 (3.8, 19.6) -2.8 (-9.3, 1.6) 

 309 
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The agreement between the derived VMR and in situ VMR shows a logarithmic 310 

dependence on PBL height when PBL height is below 750 m at each site, as shown in Fig. 5. The 311 

relationship between NO2 mixing and PBL height is such that with elevated PBL height, the 312 

surface NO2 is approximately homogeneous, but when PBL height is shallow, the NO2 near the 313 

surface is less well-mixed, which is approximately logarithmic in Fig. 5, especially at Windsor 314 

West and SW Detroit. Figures 3 and 4 support this claim that the air sampled by the Pandora 315 

spectrometer total column measurement is more similar to the air sampled by the in situ instrument 316 

when the PBL is high, as the spread of VMRs detected at different times of day in Fig. 3 is larger 317 

during times of day with lower PBL heights. The largest ∆𝐶 values in Fig. 4 occur primarily when 318 

the PBL height is very low. A proposed method to account for the dependence on PBL is described 319 

below. 320 

This dependence can be fit using the following equation for all measurements for which 321 

the PBL height is below 750 m: 322 

∆𝐶 = 𝐶௣௔௡ −  𝐶௜௡ ௦௜௧௨ = 𝑎 ∗log (𝐵𝐿𝐻) + 𝑏 .       (2) 323 

Here, BLH is the PBL height from ERA5, parameter a reflects the PBL height dependence of the 324 

difference between in situ and derived NO2 VMR and is fit as one parameter across all sites, and 325 

parameter 𝑏 reflects the offset due to horizontal or vertical separation between the in situ 326 

instrument and Pandora instrument at each site. This fitting is performed using the matrix fitting 327 

method with a non-linear regression model described below. 328 

Data collected at all four sites are used to calculate a single shared parameter a, while data 329 

for each individual site are used to fit the site-specific parameter b, necessitating the application of 330 

a matrix fitting method, described in Appendix A. For this method, the inputs are three vectors and 331 

one indexing matrix. Hourly mean in situ and Pandora-derived surface VMRs and the ERA5 PBL 332 

height, represented by 𝐶𝑖𝑛 𝑠𝑖𝑡𝑢
ሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬ⃗ , 𝐶𝑝𝑎𝑛

ሬሬሬሬሬሬሬሬሬሬ⃗ , and 𝐵𝐿𝐻ሬሬሬሬሬሬሬሬ⃗ , respectively, are vectors that contain all the 333 

temporally coincident measurements at each site. Each of these three vectors has the same number 334 

of elements as there are coincident hourly measurements from the in situ and Pandora instruments 335 

across all sites in the study. An indexing matrix is applied such that the fit that results in scalar 𝑝ଵ 336 

is calculated based on all measurements and vector 𝑏ሬሬ⃗  is composed of four b site-specific elements 337 

that are each calculated based only on the measurements at that site. 338 

The resulting fits are shown in orange in Fig. 5, with fit parameters provided in Appendix 339 

A. The fits appear to match some of the variation with PBL heights between 0 and 750 m, but the 340 
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constraint that the parameter 𝑎 remain the same across the sites is motivated by it being the 341 

coefficient an offset due to vertical or horizontal displacement between the Pandora instrument 342 

and the in situ instrument. 343 

 

Figure 5. The left panel in each pair shows the variation of  ∆𝑪, the difference between Pandora-derived and in situ 
NO2 surface VMR, with PBL height at (a) Downsview, (b) Toronto West, (c) Windsor West, and (d) SW Detroit. Each 
panel represents the data from a single site binned by PBL height in 100 m bins such that the lowest box plot represents 
measurements with PBL height from 0 to 100 m. The purple line, labelled ∆𝑪𝑪𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅, is the result of the logarithmic 
fit to account for the PBL height dependence of ∆𝑪 when the PBL height is below 750 m. The right panel in each pair 
shows the count of measurements in each 100 m PBL height bin. 

4.1.2 Time-of-day dependence 344 

Figure 6 shows the time-of-day variation of the difference between the derived and 345 

corrected NO2 surface VMRs relative to the in situ measurements when the PBL height is below 346 

750 m. The differences are presented for two seasonal periods at each site: the warm season from 347 

March through August in panels (a) through (d); and the cold season from September through 348 

February in panels (e) through (h). While the derived surface NO2 VMRs capture the behavior of 349 

the in situ data over the course of the day, with a peak in the morning followed by a decrease 350 

through midday, the time-of-day dependence of the agreement is not uniform across all sites. 351 
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The Windsor West, and Southwest Detroit sites are nearer to expected large sources of NO2 352 

including the Zug Island, a large industrial site point source to the south of SW Detroit and to the 353 

southwest of Windsor West. At these two sites, the derived surface VMR (blue) almost always 354 

underestimates the in situ VMR, while at Toronto West the derived surface VMR is sometimes 355 

overestimated and sometimes underestimated. The Toronto West site is near to Pearson 356 

International Airport, so this overestimation could be due to lofted NO2 from planes coming to and 357 

departing from the airport when the PBL height is low, which tends to happen in the morning and 358 

evening. In the middle part of the day, the derived surface VMR underestimates the in situ VMR 359 

at Toronto West in the cold season, possibly because the PBL height tends to increase throughout 360 

the day and by evening the air is more well mixed, leading to possible underestimation of the 361 

surface VMR when derived using the method. The surface VMRs corrected for PBL height 362 

(orange) are in better agreement with the in situ estimates in the early morning, when the PBL 363 

height is low, suggesting that PBL height contributes to the underestimation. At Downsview and 364 

Toronto West, the correction is very small in the morning, but at SW Detroit and Windsor West 365 

the correction is larger. 366 

  367 
Figure 6. The warm season (left) and cold season (right) variation of ∆𝑪 (NO2 surface VMR difference) with hour of day 368 
when the PBL height is below 750 m. The box plots present the hourly ∆𝑪 differences for the original Pandora-derived 369 
VMRs (red) and ∆𝑪Corrected for PBL height (purple); they show the median and inter-quartile range while the whiskers show 370 
the range of values excluding outliers. Each panel contains data for one site among Downsview (2020-2024), Toronto West 371 
(2022-2024), Windsor West (2022-2024), and SW Detroit (2021-2024). Panels (a)-(d) show differences from the beginning 372 
of March through the end of August annually. Panels (e)-(f) show differences from the beginning of September through the 373 
end of February annually.  374 
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4.2 Wind direction dependence 375 

The difference ∆𝐶 varies with meteorological conditions, including wind direction and 376 

PBL height. This dependence can explain some of the structure observed in the diurnal and 377 

seasonal comparisons. The wind direction results show good agreement between the Pandora-378 

derived surface NO2 and the in situ measurements when the wind comes from the directions of 379 

nearby sources of NO2. The derived surface VMRs were found to be sensitive to the variation 380 

captured by the in situ instruments as a function of wind direction. 381 

Figure 7 shows the NO2 surface VMR (the in situ measurements and the original and PBL-382 

height-corrected Pandora data) as a function of ERA-5 wind direction at all four sites. The patterns 383 

for the in situ and derived NO2 surface VMRs as a function of wind direction tend to have maxima 384 

when the wind is coming from the same direction at a given site, so the Pandora surface estimate 385 

is sensitive to the same wind direction dependence as the in situ measurements. 386 

In Fig. 7, the directions are written as degrees clockwise from north, 0 indicating wind 387 

coming from the north, 90 indicating wind coming from the east, and so on. In Fig. 7(a), the in 388 

situ, derived, and corrected surface VMRs at Downsview indicate that measured NO2 is larger 389 

when the wind is coming from direction of Pearson International Airport, located to the southwest 390 

of the site. Fig. 7(b) shows results for Toronto West, for which Highway 401 is located nearby and 391 

north of the site, while Pearson International Airport is located to the southwest. The derived values 392 

at Toronto West are sometimes larger than the in situ measurements, and it is suspected that when 393 

the wind comes from the airport and the PBL height is low, the Pandora direct sun measurements 394 

would be sensitive to lofted plumes of NO2 that are neither measured by the in situ instrument nor 395 

accounted for in the GEOS-Chem free tropospheric column. At Windsor West, Fig. 7(c), and SW 396 

Detroit, Fig. 7(d), the patterns are very similar, with peaks in all three VMR datasets along the 397 

direction from the Zug Island large point source, which corresponds to about 270 at Windsor West 398 

and about 250 at SW Detroit. 399 

https://doi.org/10.5194/egusphere-2026-5916
Preprint. Discussion started: 9 November 2026
c© Author(s) 2026. CC BY 4.0 License.



18 

 400 

 401 

Figure 7. Variation of NO2 surface VMR with wind direction when the PBL height is below 750 m. Each panel contains 402 
data for one site: (a) Downsview, (b) Toronto West, (c) Windsor West, and (d) SW Detroit. CCorrected is calculated based on 403 
the PBL dependence of the difference between the original Pandora-derived C and in situ data. In each bin, C corrected 404 
(cyan), C (blue), and in situ (green) are shown side by side. Wind direction is binned in 30 increments, with 0 405 
corresponding to wind coming from due north and 90 corresponding to wind coming from due east, so the leftmost trio of 406 
box plots represents the data in the bin from 345 through 45 centred on due north. The box plots show the median and 407 
inter-quartile range while the whiskers show the range of values excluding outliers. The wind rose plots to the right of each 408 
box plot show the relative amount of data from that site coming from each wind direction bin (e.g., wind in the S (180) bin 409 
is approaching the site from the south), colour coded by wind speed.  410 

5 Conclusions 411 

 This study set out to determine how effectively the column-to-surface conversion method 412 

of Zhao et al. (2019) performs when applied to Pandora direct sun NO2 total columns at urban 413 

sites. NO2 surface VMRs were derived from Pandora column measurements using GEM-MACH 414 

ratios of NO2 surface VMR to PBL column, Pandora climatological stratospheric NO2 columns, 415 
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and GEOS-Chem free tropospheric NO2 columns. The method was applied to Pandora direct sun 416 

measurements at four sites: Downsview (2020-2024) and Toronto West (2022-2024) in the Greater 417 

Toronto Area, and Windsor West (2022-2024) and SW Detroit (2021-2024) in the Detroit-Windsor 418 

Area, all of which had co-located in situ measurements of surface NO2 that were used to assess 419 

how well the derived surface estimates capture surface NO2 behaviour. The derived VMRs agreed 420 

with the coincident in situ measurements to within 2 ppbv over the study period. 421 

 There are also operational PGN surface concentrations (Sconc) based on MAX-DOAS 422 

observations. However, they have not been used in this paper, since they give an estimation of the 423 

average Sconc along the MAX-DOAS line-of-sight (selected azimuth) of the instrument. The 424 

horizontal extent of this average varies with solar zenith angle and aerosol content; it typically 425 

ranges from about 5 to 20 km for NO2 retrieved in the visible range. In contrast, the Sconc from 426 

direct sun data converted as described in this work are more local, since the direct solar beam 427 

passes through the lowest atmospheric layers near the instrument. Several studies have shown that 428 

the MAX-DOAS Sconc does not agree well with measurements by co-located in-situ sensors at 429 

urban sites, but does agree rather well with the average over in-situ sensors distributed along the 430 

MAX-DOAS line-of-sight. As the goal of this study is to estimate the local Sconc in the best possible 431 

way, the DS-based method is preferred to the MAX-DOAS-based method. 432 

 The dependence of the results on meteorological conditions was investigated, and it was 433 

found that the results are not strongly dependent on temperature. However, the derived NO2 434 

surface VMRs did exhibit some dependence on PBL height and on wind direction relative to point 435 

sources. The method is shown to be most effective when the PBL is above 750 m as estimated by 436 

ERA5 reanalysis, with an empirical correction method developed for when the PBL height is 437 

below 750 m. The NO2 surface VMR derived from Pandora direct sun measurements when the 438 

PBL is below 750 m has a median difference of -1.7 ppbv (10th percentile: -8.2 ppbv, 90th 439 

percentile: 3.2 ppbv) with respect to coincident in situ measurements. When a logarithmic 440 

correction is applied as a function of PBL height for these shallow PBL conditions, the median 441 

difference is reduced to 0.5 ppbv (-4.8 ppbv, 4.1 ppbv). 442 

 Overall, this study demonstrates that Pandora direct sun measurements can be used to 443 

derive NO2 surface VMR at urban sites, with some dependence on PBL height, thus 444 

complementing in situ instruments to support long-term monitoring of ambient air quality. The 445 

sample size of this study was limited to sites with co-located in situ and Pandora instruments in 446 
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the GTA and DWA. The performance of the algorithm in non-urban environments remains an 447 

open question. Future studies could extend the application of this column-to-surface approach to 448 

sites with fewer nearby point sources or different meteorological conditions. 449 

Appendix A 450 

The matrix fitting method applied in this work is described by the matrix equations below. 451 

Equation (A1) represents how the vector of differences relates to the logarithm of the vector of 452 

Planetary Boundary Layer Height (BLH).  The 𝑩𝑳𝑯ሬሬሬሬሬሬሬሬሬ⃗ , 𝑪௣௔௡
ሬሬሬሬሬሬሬሬሬ⃗ , and 𝑪ప௡ ௦ప௧௨

ሬሬሬሬሬሬሬሬሬሬሬሬሬሬ⃗   in the equations are vector 453 

time series of measurements or model outputs. The logarithm is scaled by parameter 𝑎 at all sites 454 

and shifted by offset parameter bi for each individual site, represented together as  𝒃ሬሬ⃗  in Eq. (A2). 455 

During the matrix fitting, all measurements are used to fit the bi parameter with equal weighting, 456 

while each offset parameter bi is fitted only using measurements from the relevant site to account 457 

for differences in horizontal or vertical location of the in situ and Pandora instruments at a given 458 

site. 459 

The 𝑩𝑳𝑯ሬሬሬሬሬሬሬሬሬ⃗  in Eq. (A3) is a vector comprising the time series of ERA5 BLH values at each 460 

site concatenated vertically such that all data for each site are included in the vector; 𝑪௣௔௡
ሬሬሬሬሬሬሬሬሬ⃗  and 461 

𝑪ప௡ ௦ప௧௨
ሬሬሬሬሬሬሬሬሬሬሬሬሬሬ⃗  are constructed the same way. 462 

The identity matrix 𝐀 is expressed simply in Eq. (A4) and more completely in Eq. (A5); it 463 

is a large matrix that locates the indices of ∆𝑪ሬሬሬሬሬ⃗  and 𝑩𝑳𝑯ሬሬሬሬሬሬሬሬሬ⃗  corresponding to a given site and is used 464 

to expand 𝒃ሬሬ⃗ . Equation (A6) represents the same relationship as Eq. (A1) with each of the vectors 465 

expressed explicitly.  466 

 When applied to the data, the fitting outputs are as shown in Table A1; there is only one 467 

value for a, and each site has a site-specific value for b. The table also includes the mean and 468 

standard deviation of the differences between the in situ and Pandora values after the correction 469 

from applying this matrix fitting approach. 470 

∆𝑪ሬሬሬሬሬ⃗ = 𝑪௣௔௡
ሬሬሬሬሬሬሬሬሬ⃗ − 𝑪ప௡ ௦ప௧௨

ሬሬሬሬሬሬሬሬሬሬሬሬሬ⃗ = 𝑎 log( 𝑩𝑳𝑯ሬሬሬሬሬሬሬሬሬ⃗ ) + 𝒃ሬሬ⃗ ∗ 𝐀      (A1) 471 

𝒃ሬሬ⃗ =
𝑏ଵ

⋮
𝑏ସ

            (A2) 472 
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𝑩𝑳𝑯ሬሬሬሬሬሬሬሬሬ⃗ =

𝐵𝐿𝐻ଵ(𝑡௦௧௔௥௧)
⋮

𝐵𝐿𝐻ଵ(𝑡௘௡ௗ)

𝐵𝐿𝐻ଶ(𝑡௦௧௔௥௧)
⋮

𝐵𝐿𝐻ଶ(𝑡௘௡ௗ)

𝐵𝐿𝐻ଷ(𝑡௦௧௔௥௧)
⋮
⋮

𝐵𝐿𝐻ସ(𝑡௘௡ௗ)

         (A3) 473 

A௜௝(𝑡) =  ൜
 1      𝑖 = 𝑗
 0      𝑖 ≠ 𝑗

          (A4) 474 

 475 

A =  Aଵଵ( 𝑡௦௧௔௥௧) = 1 
⋮ 

Aଵଵ(𝑡௘௡ௗ) = 1 

Aଵଶ( 𝑡௦௧௔௥௧) = 0 
⋮ 

Aଵଶ(𝑡௘௡ௗ) = 0 

Aଵଷ( 𝑡௦௧௔௥௧) = 0 
⋮ 

Aଵଷ(𝑡௘௡ௗ) = 0 

Aଵସ( 𝑡௦௧௔௥௧) = 0 
⋮ 

Aଵସ(𝑡௘௡ௗ) = 0 

 

Aଶଵ( 𝑡௦௧௔௥௧) = 0 
⋮ 

Aଶଵ(𝑡௘௡ௗ) = 0 

Aଶଶ( 𝑡௦௧௔௥௧) = 1 
⋮ 

Aଶଶ(𝑡௘௡ௗ) = 1 

Aଶଷ( 𝑡௦௧௔௥௧) = 0 
⋮ 

Aଶଷ(𝑡௘௡ௗ) = 0 

Aଶସ( 𝑡௦௧௔௥௧) = 0 
⋮ 

Aଶସ(𝑡௘௡ௗ) = 0 
Aଷଵ( 𝑡௦௧௔௥௧) = 0 

⋮ 
Aଷଵ(𝑡௘௡ௗ) = 0 

Aଷଶ( 𝑡௦௧௔௥௧) = 0 
⋮ 

Aଷଶ(𝑡௘௡ௗ) = 0 

Aଷଷ( 𝑡௦௧௔௥௧) = 1 
⋮ 

Aଷଷ(𝑡௘௡ௗ) = 1 

Aଷସ( 𝑡௦௧௔௥௧) = 0 
⋮ 

Aଷସ(𝑡௘௡ௗ) = 0 
Aସଵ( 𝑡௦௧௔௥௧) = 0 

⋮ 
Aସଵ(𝑡௘௡ௗ) = 0 

Aସଶ( 𝑡௦௧௔௥௧) = 0 
⋮ 

Aସଶ(𝑡௘௡ௗ) = 0 

Aସଷ( 𝑡௦௧௔௥௧) = 0 
⋮ 

Aସଷ(𝑡௘௡ௗ) = 0 

Aସସ( 𝑡௦௧௔௥௧) = 1 
⋮ 

Aସସ(𝑡௘௡ௗ) = 1 
(A5) 476 

𝐶 ୮ୟ୬
ୱ୧୲ୣ ଵ

(𝑡ୱ୲ୟ୰୲)

⋮
𝐶 ୮ୟ୬

ୱ୧୲ୣ ସ
(𝑡ୣ୬ୢ)

−

𝐶୧୬ ୱ୧୲୳
ୱ୧୲ୣ ଵ

(𝑡ୱ୲ୟ୰୲)

⋮
𝐶୧୬ ୱ୧୲୳

ୱ୧୲ୣ ସ
(𝑡ୣ୬ୢ)

= 𝑎 log ൭
𝐵𝐿𝐻ୱ୧୲ୣ ଵ(𝑡ୱ୲ୟ୰୲)

⋮
𝐵𝐿𝐻ୱ୧୲ୣ ସ(𝑡ୣ୬ୢ)

൱ +
𝑏ଵ

⋮
𝑏ସ

𝐀    (A6) 477 

 478 

Table A1. Table of fitting parameters a and b corresponding to the NO2 VMR offset between in situ measurements and 479 
Pandora DS-derived estimates, that is the difference between the two (∆𝑪𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅), as best value and uncertainty, and the 480 
results of 𝑪𝒑𝒂𝒏ି𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 using the fitted parameters. 481 

Site Name 𝒂 

[ppbv] 

𝒃 

[ppbv] 

𝑪𝒊𝒏 𝒔𝒊𝒕𝒖 

Mean (Std Dev) 
[ppbv] 

𝑪𝒑𝒂𝒏ି𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 
Mean (Std Dev) 

[ppbv] 

∆𝑪𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅  
Mean (Std Dev) 

[ppbv] 

Downsview 0.7 -4.4 8.5 (7.1) 8.5 (6.6) 6.7e-05 (4.4) 

Toronto West 0.7 -2.1 7.7 (6.4) 7.7 (7.4) 8.2e-05 (5.0) 

Windsor West 0.7 -6.5 9.1 (7.3) 9.1 (5.8) 0.14e-05 (3.9) 

SW Detroit 0.7 -6.5 10.4 (6.8) 10.4 (5.4) 2.7e-05 (4.3) 

 482 
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Data availability 483 

Pandora data (L2 direct sun NO2 total columns) are available from the Pandonia Global Network 484 

at https://www.pandonia-global-network.org/home/documents/pgn-data/. The PGN datasets used 485 

in this work have DOIs 10.48596/pgn.rnvs3p1-8.SWDetroitMI.P147s1, 10.48596/pgn.rnvs3p1-486 

8.Downsview.P104s1, 10.48596/pgn.rnvs3p1-8.Windsor-West.P208s1, and 487 

10.48596/pgn.rnvs3p1-8.Toronto-West.P108s1. AQS data for criteria gases are available in pre-488 

generated hourly files at https://aqs.epa.gov/aqsweb/airdata/download_files.html. The NAPS in 489 

situ data can be downloaded from https://data-donnees.az.ec.gc.ca/data/air/monitor/national-air-490 

pollution-surveillance-naps-program/ (Government of Canada, 2026). ERA5 reanalysis data are 491 

available from the Climate Data Service (Copernicus Climate Change Service, 2023a,b). The NO2 492 

surface volume mixing ratios (ppbv) for all four sites have been compiled into netCDF files along 493 

with two of the inputs used in this derivation: (1) the hourly ratios of GEM-MACH surface volume 494 
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