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16 Abstract: The Pandora Global Network (PGN) is a system of ground-based spectrometers
17  reporting continuous daytime column HCHO and NO». While the Direct Sun (DS) NO> product
18  has been well studied, the Multi Axis Differential Optical Absorption Spectroscopy (MAX DOAS)
19  products are largely unvalidated. Using the Atmospheric Emissions and Reactions Observed from
20  Megacities to Marine Areas (AEROMMA) airborne campaign in the summer of 2023, we evaluate
21 the performance of select Pandora monitors relative to in situ airborne observations. A case study
22 over a Pandora in the California desert shows MAX DOAS HCHO captures the total tropospheric
23 column (within 4% of the integrated in situ column) but does not match the vertical shape of the
24  HCHO profile where the Pandora is biased high near the surface and low near the top of the
25  boundary layer. The MAX DOAS NO: is 80% lower for the entire profile and is particularly
26  sensitive to the viewing angle of the Pandora due to the spatial heterogeneity of NO,. Ten Pandoras
27  located in the New York City (NYC) domain capture the day to day variability of HCHO as well
28  as spatial gradients from New Jersey to NYC to Long Island. The mean NYC Pandora HCHO
29  correlates well with mean Tropospheric Emissions Monitoring of Pollution (TEMPO) HCHO
30  columns of a similar domain on clear sky days. On those days, MAX DOAS columns exhibit a
31  lower slope (slope = 0.78, y-intercept=1.08 x 10'3 molec/cm?; R? = 0.62) while DS columns show
32 a higher offset (slope = 0.90, y-intercept=2.83 x 10'° molec/cm?; R? = 0.63). These results
33  demonstrate the value of Pandora HCHO products while highlighting the need for improved
34  uncertainty quantification.

35
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37 1. Introduction
38 The Pandora Global Network (PGN) is comprised of ground-based UV-VIS spectrometers

39 that report total and partial column formaldehyde (HCHO), nitrogen dioxide (NO3), and ozone at

40 over 150 operational monitors across six continents (https://pandora.gsfc.nasa.gov/PGN/; Last

41 access July 2025). Pandoras operate in two modes: Direct Sun (DS) and Multi Axis Differential
42 Optical Absorption Spectroscopy (MAX DOAS). In the DS mode, the Pandora sensor follows the
43  sun as it moves across the sky and column amounts are derived using differential absorption. The
44  MAX DOAS mode measures scattered light at different elevation angles to calculate a tropospheric
45  column, near-surface partial columns, and a surface concentration. Understanding ozone and its
46  precursors such as NO2 and HCHO is an important priority for the U.S Environmental Protection

47  Agency (EPA) under the NAAQS final rule in 2015 (EPA, 2015).

48 First established in 2006, PGN released its latest data version in 2020 after numerous
49  hardware and software updates. DS NO: is likely to have less uncertainty than the MAX DOAS
50  NOg; retrievals due to simplified path integration (Cede et al., 2006; Herman et al., 2009). Total
51  NO: columns agree well with satellite retrievals such as the Ozone Monitoring Instrument and the
52  Tropospheric Monitoring Instrument (Herman et al., 2009; Herman et al., 2018; Kotsakis et al.,
53  2022) and airborne remote sensors (Judd et al., 2019; Judd et al., 2020; Tzortziou et al., 2023).
54  However, each Pandora spectrometer is calibrated and operated independently, leading to

55  variability in performance across the network (Szykman et al., 2025; Rawat et al., 2025).

56 The updated HCHO products (Spinei et al., 2021) are relatively new with data beginning
57  around 2020. In contrast to NO2, the DS HCHO is likely to have more uncertainty than the MAX
58 DOAS HCHO because of instrumentation drift (Cede, 2025). Validation studies are crucial to
59  improving confidence in Pandora products, especially as the PGN is a key component of the
60  validation plan of Tropospheric Emissions Monitoring of Pollution (TEMPO), the data record for
61  which begins August 2023 (Szykman, 2023).

62 Here, we evaluate Pandora retrievals against in-situ airborne observations collected in
63  Southern California (CA), New Jersey (NJ), New York City (NYC), and Connecticut (CT) in the
64  summer of 2023. We directly compare in situ vertical profiles to nearby Pandora partial columns

65 and analyze day to day and spatial variability in Pandora columns. We also compare Pandora with
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66 TEMPO and examine the influence of clouds on the relative agreement between the two

67 measurements.

68

69 2. Data/Methods
70 2.1 AEROMMA

71 The NOAA airborne mission Atmospheric Emissions and Reactions Observed from

72 Megacities to Marine Areas (AEROMMA; https://csl.noaa.gov/projects/aecromma/; last access

73 July 2025) took place in the summer of 2023 with the goal of understanding urban and marine
74 atmospheric composition. NASA’s DC-8 aircraft was equipped with many in situ gas and aerosol
75  sensors. Here we use observations from NASA’s In Situ Airborne Formaldehyde instrument
76  (ISAF; Cazorla et al., 2015) and NOAA’s NO Laser-Induced Fluorescence instrument which
77  measures NO, NO, and NOy (NO-LIF; Rollins et al., 2020) where NOy is the sum of all reactive
78  nitrogen oxides. Accuracies for HCHO and NO2 measurements are 15% and 10%, respectively.
79  Potential temperature was measured with the Meteorological Measuring System (MMS). We focus
80  primarily on four flights that took place over and around NYC on July 26", July 28™, Aug 9, and
81  Aug 16™, 2023, hereafter referred to as “NYC1”, “NYC2”, “NYC3”, and “NYC4”. These flights
82  and locations were chosen due to their proximity to Pandoras that perform MAX DOAS scans as
83  discussed in the next section. In addition, we examine a single profile from the June 26™ flight

84  over southern CA.

85

86 2.2 Pandora Global Network

87 Pandoras operate in two modes: DS and MAX DOAS. During DS mode the lens of the
88  Pandora follows the sun where the full width at half maximum field of view of the instrument is
89  2.5° The fitting window for DS NO; and HCHO are 400-470 nm and 322.5-359.2 nm, respectively.
90  The Pandora retrieves a slant column which, given a calculated geometric air mass factor (AMF),
91 is converted into a total vertical column. Climatological stratospheric NO> is also provided in the
92 DS data files based on latitude, season, and time of day (Brohede et al., 2007). The MAX DOAS
93  product provides a ‘tropospheric’ column (integrating a vertical distance of ~3 km and a horizontal
94  distance of ~10km), partial columns in different vertical layers, and a surface concentration using

95 climatological air densities and differential AMFs. The surface concentration is estimated by either

3
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96  the 90° solar zenith angle (SZA) scan or, more often, extrapolated from the largest zenith viewing

97  angle measurement. The fitting windows for MAX DOAS NO> and HCHO are 435-490 nm and

98  328.5-359 nm, respectively. The MAX DOAS scans can be ‘long’ or ‘short’ in which long scans

99  calculate 11 or 13 slant columns and short scans provide 4 columns (covering the same range of
100  viewing angles). Further details on the algorithms used in the Pandora retrievals are available in
101 the Blik user manual (Cede, 2024). We utilize level 2 (L2) vertical column data, in which spectral
102  fitting has been applied, and columns have been calculated. Data are available at the NASA
103  Pandora webpage (https://pandora.gsfc.nasa.gov/PGN/; Last access July 2025).

104  Table 1: Pandoras used in this study.

Pointing
Latitude, Altitude Above | Azimuth
Pandora Name ID Longitude Description Sea Level (m) | Angle (PAA)
EdwardsCA 74 34.960, -117.881 Southern CA 692 30
BayonneNJ 38 40.670, -74.126 NJ 3 316
BronxNY 180 40.868, -73.878 NYC 31 250
MadisonCT 186 41.256, -72.553 CT Coast 3 220
ManhattanNY-CCNY | 135 40.815, -73.951 NYC 34 186
NewBrunswickNJ 69 40.462, -74.429 NJ 19 45
NewHavenCT 64 41.301, -72.903 CT Coast 4 300
OldFieldNY 51 40.963, -73.140 Long Island 3 38
QueensNY 55 40.736, -73.822 NYC 25 330
WestportCT 177 41.118, -73.337 CT Coast 4 218
NewLondonCT 236 41.376, -72.100 CT Coast 30 90
105
106  2.2.1 Pandora Data Quality Filtering
107 The PGN provides two sets of quality indicators for L2 data, each with three possible values

108  foratotal of nine combinations. First, the data are determined to be 'high', 'medium’, or 'low' quality
109  (denoted with a 0,1, or 2 in the ones place) based on an automated algorithm that flags exceedance
110  of data quality thresholds (either instrumentation error or atmospheric sources). The Pandora

111 documentation states that users should not use low quality data for most purposes (Cede, 2025).

112 The data are also assigned a modifier of 'assured', 'unassured', or 'unusable' (0,1, or 2 in the
113  tens place), referring to the level of manual quality control. Once a PGN operator has inspected
114  the data, they deem it ‘assured’ if there are no known issues in the quality assurance process or

115  ‘unusable’ if there is a concern (often based on the spectral fitting or uncertainty). The rational for
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116  data being labeled ‘unusable’ is not publicly documented with the dataset. ‘Unassured’ data has

117 yet to be manually examined.

118 Fig. 1 shows the distribution of the L2 data quality flags for the 10 Pandoras used in this
119  study (Table 1) from the start of their data collection (ranging from Sept 2019 to Sept 2022) through
120  July 2025. As of July 2025, 52% of the data for all four products are “unassured’ due to a backlog
121 for manual inspection. The distribution of high, medium, and low quality data varies between
122  stations and data product. On average, 68% of the DS NO; data and 46% of MAX DOAS HCHO
123  data are high quality. On the other hand, MAX DOAS NO; and DS HCHO are more often low
124 quality (41% and 65%, respectively).
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126 Figure 1: Distribution of the data quality flags for each station used in this study for (a)
127 DS NOg, (b) DS HCHO, (c) MAX DOAS NO, and (d) MAX DOAS HCHO. Gray bars
128 indicate the portion of retained data for each station after applying the filtering method
129 described in sect. 2.2.1.
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130 The Pandora user manual recommends eliminating low quality data for most uses.
131 However, due to the automated nature of flagging low quality data, there is a possibility of false
132 negatives. Rawat et al., 2024, proposes an alternative empirical method to filter for poor data
133  quality via four steps: 1) Determine a cutoff value for independent uncertainty given u+3c (where
134  p is the mean uncertainty and o is standard deviation) for each Pandora based on the high quality
135  data. 2) Filter the data to only include those beneath this threshold as well as data with a weighted
136  room mean square error (wrms) <0.01 and (for MAX DOAS only) a maximum horizontal distance
137 <20 km (range of which the MAX DOAS column spans in the horizontal direction). 3) Restore
138  data with a percentage uncertainty under 10%. 4) Confirm based on the improved correlation
139  between contemporaneous DS and MAX DOAS observations. For the present study, we use this
140  proposed method and also require that the percent uncertainty be less than 30% for each scan. This
141  additional criterion is particularly crucial for DS HCHO which has high uncertainty. For the
142 monitors used in this study, removing only the low quality data retains an average of 65% of data,
143  while the described filtering method retains an average of 82% (Fig. 1). SItext S1 further discusses

144  the data filtering process.

145

146  2.2.2 Pandora Unit Conversion

147 Pandora partial columns are reported in moles/m? and must be converted into ppb for a
148  direct comparison with airborne observations of HCHO and NO». Climatological surface pressure
149  and temperature (provided in the Pandora data files) are used to calculate air density, while the
150  depth of the layer is assumed to be the distance between the layer heights given in the vertical
151  profiles. The lowest level is assumed to extend to the surface. SI text S2 discusses this procedure

152  in greater detail.
153

154 2.3 TEMPO

155 Tropospheric Emissions Monitoring of Pollution (TEMPO) is the first geostationary
156  satellite over North America to report column amounts of HCHO and NO; every 40-60 minutes at
157  aresolution of 2.0 km N/S x 4.75 km E/W at the center of the field of regard. TEMPO was launched
158  in April 2023 and provides data beginning August 2" of the same year. The NO retrieval is in the
159  405-465 nm spectral window, while HCHO retrieval is in the 328.5-356.5 nm fitting window
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160  (Nowlan etal., 2025 ; Abad et al., 2025). These are slightly different ranges than the Pandora fitting
161  windows for both DS and MAX DOAS modes. The validation plan for TEMPO includes diurnal
162  and seasonal comparisons with airborne spectrometers, other satellites, and the PGN (Szykman,
163  2023; Szykman et al., 2025). We use version 3, level 2 HCHO data available from NASA’s
164  Earthdata website (Nasa, 2024; Last access July 2025). Using the nearest neighbor method, we
165  grid L2 data to 2 x 4.5 km in the NYC domain bound by latitudes and longitudes of (40.2°, 41.5°)
166  and (-74.6° -71.7°), respectively. Data is screened to only include pixels with effective cloud
167  fractions < 0.20 and data quality flags equal to 0. Daily means of the TEMPO HCHO column are
168  calculated by averaging the HCHO values from each hour in all grid cells, and hourly domain
169  averages are determined by averaging all valid data across the entire NYC domain for each hourly

170  retrieval.

171

172 3. Results

173 3.1 Case Study: Spiral over EdwardsCA Pandora

174 The DC-8 sampled in a vertical spiral over southern CA on June 26™, 2023. The spiral
175  began at an altitude of 10.3 km above ground level (AGL) at 1:50 PM local time and ended at 0.03
176 km at 2:20 PM, including a low approach at Edwards Air Force Base (AFB). The flight track
177  shown in Fig. 2 is centered over the EdwardsCA Pandora which, at this time, operated with a 30°
178  pointing azimuth angle (PAA; red line). This is the only AEROMMA spiral that extended
179  throughout the majority of the troposphere and took place directly over a Pandora monitor
180  conducting MAX DOAS scans. This provides a rare opportunity for a direct comparison between

181  Pandora vertical profiles and in situ observations.

182 The vertical profiles of in situ potential temperature, HCHO, and NO> are shown in Fig. 3
183  asthe gray markers. Given the small variation in potential temperature at the lowest 2 km, followed
184 by a sharp increase, the boundary layer (BL) appears to be well-mixed up to 1.97 km. In situ
185  HCHO is also relatively constant in the BL (1.15 + 0.16 ppb; p + o) and followed by a sharp

186  decrease in mixing ratio above the inversion (0.17 £ 0.09 ppb).
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188 Figure 2. Map of southern CA spiral colored by in situ (a) HCHO and (b) NO>. EdwardsCA
189 Pandora (red triangle) and the viewing direction of Pandora MAX DOAS scans (red line)
190 are included and extend to the mean integrated horizontal distance.
191
192 The in situ NO: is more variable than HCHO (note the logarithmic x axis in Fig. 3c).

193  Enhancements of NO2 up to 4.2 ppb are observed from 0.3 to 0.5 km in the southeast quadrant of
194  the spiral. We define this enhancement in Fig. 3c as observations in the upper 25" percentile of
195  data below 0.5 km (red triangles). Excluding this enhancement, the BL mean of NO2 is 0.5 = 0.3
196  ppb. There are no obvious local industrial sources (refinery, power plant, etc.) that would be a
197  source of NO; and there does not appear to be a consistent source of NO> from any given wind
198  direction based on historical Pandora data (SFig. S4). The NO, enhancement is likely caused by
199  local emissions from the nearby Edwards AFB airport (SFig. S5).

200 We include a total of 6 long scans and 16 short scans from the EdwardsCA Pandora that
201  occurred within 1 hour of the spiral. The scans included are all ‘high’ quality data with average
202  tropospheric HCHO and NO; column uncertainties of 9.0 x 10'* molec/cm? (18%) and 8.0 x 10"3

203  molec/cm? (7%), respectively. Uncertainty is not reported for the partial columns, thus we include
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Figure 3. Vertical profiles of (a) potential temperature, (b) HCHO, and (c) NO2. The
boundary layer height is denoted as the dotted lines. The in situ airborne data are the gray
markers and binned to 100 m (solid line). The shaded region represents measurement
uncertainty. Pandora data are orange (HCHO) and blue (NO;) markers (solid lines are data
binned to 100 m). The shaded region represents + one standard deviation. The red triangles
in (c) are the NO; enhancement observed in the southeast quadrant in Fig. 2, defined as the

upper 25" percentile of the near surface observations (< 0.5 km).

3.1.1 Pandora HCHO
The Pandora HCHO vertical profile does not match the shape of the in situ profile. In the

lowest 1 km, Pandora HCHO is biased high by an average 0.4 £ 0.3 ppb and the surface

concentration is almost twice as high as the lowest in situ observation at 10 m. From 1-2 km, the

9
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bias flips sign and Pandora HCHO are low by 0.50 = 0.28 ppb. Above the BL (1.97 km) there is
comparatively closer agreement between the in situ and Pandora HCHO (a mean difference of 0.04

ppb). This result is consistent across the four different scan modes (SFig. S6).

Table 2 compares integrated vertical columns from the aircraft and Pandora. We vertically
integrate the in situ observations to obtain two columns: one spanning the entire spiral (10 m to
10.3 km) and another limited to Pandora MAX DOAS tropospheric column (10 m to 2.5 km). The
entire column is 6.6 x 10" molec/cm?, 25% lower than the mean total HCHO column found by
the Pandora DS product during this time frame (8.8 x10'5 molec/cm?). Meanwhile, the average
Pandora tropospheric HCHO column agrees with the integrated in situ column under 2.5 km to
within uncertainty of the in situ data (5.2 x10'> and 5.0 x10'> molec/cm?, respectively). However,
the individual partial columns have no reported uncertainty. The high bias near the surface and the
low bias under the BL offset each other to produce a column amount of HCHO from the MAX

DOAS scans that are very similar in value to the in-situ column.

Table 2: Column HCHO and NO> during the southern CA spiral over EdwardsCA Pandora

EGUsphere\

HCHO column NO> column
(molec/cm?) (molec/cm?)
In Situ (0.01 - 10.3 km) 6.6 x 10" 22x 10
In Situ (0.01 - 2.5 km) 5.0x 10" 1.9x 10"
In Situ (0.01 - 10.3 km—no 1.9x 10"
enhancement)
In Situ (0.01 - 2.5 km—no 1.6x 101
enhancement)
DS Total Columns (weighted mean) | 8.8 x 10'%(6=8.9 x 10'%) 2.7x 10"%(6=2.5x 10'%)
MAX DOAS Tropospheric Column | 5.2 x 10'3(c=8.7 x 10'%) 1.2x 10%(c=1.4x 10"
(weighted mean)

3.1.2 Pandora NO:
We compare the NO; profiles in Fig. 3c. For the entire profile, including all in situ

observations, the Pandora NO; is 50% lower. Excluding near-surface enhancements reduces the

10
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238  difference to 42% lower than the aircraft observations. The Pandora is pointing away from the
239  surface enhancement and therefore is not expected to capture that feature. This is an important
240  consideration for future comparisons to both in situ observations and high-resolution satellite
241  retrievals. HCHO is sufficiently well-mixed in this case, such that the Pandora viewing angle does
242 not appear to significantly affect the observed concentrations. This simply reflects a lack of strong
243  local HCHO sources (most HCHO is produced through volatile organic compounds, VOC,
244  oxidation at this time of year). NOg, on the other hand, can exhibit large horizontal and vertical
245  gradients, especially in the presence of local emissions. Looking only at the lowest 0.5 km and
246  excluding the enhancement, the Pandora is on average 15% greater than the in situ observations
247  showing a similar pattern to the HCHO where the Pandora is greater at the surface. However, the

248  turnover altitude for NO> is lower (0.3 km) compared to the HCHO profile (1 km).

249 While the partial columns are, on average, lower by 50%, this relationship is not reflected
250  between the integrated columns and the DS total column or MAX DOAS tropospheric column.
251  The mean Pandora tropospheric column NO; is 40% less than the integrated in situ column for
252  lower than 2.5 km. Furthermore, the mean total DS NO; column (excluding the climatological
253  stratospheric column) is 22% greater than the in situ integrated column for the entire spiral (2.7
254 x10" and 2.2 x10'5 molec/cm?, respectively). SFig. S2 shows the DS NO; is on average 52%
255  greater than MAX DOAS NO; for EdwardsCA, one of the largest discrepancies for the 10 Pandoras
256 in this study. It is possible that this low difference in MAX DOAS NO: is not a limitation of the

257  Pandoras in general but rather an issue with this specific spectrometer.

258 To summarize, Pandora MAX DOAS HCHO agrees with the in situ observations with
259  respect to the total tropospheric column, but the shape of the vertical profile exhibits a strong
260  height-dependent bias. Quantification of the uncertainty in partial columns should be a priority,
261  especially for columns near the tropopause. The Pandora MAX DOAS NO; is lower than the in
262  situ observations for the entire profile, however better agreement exists at the surface between data
263  within the viewing angle of the Pandora. This case study also emphasizes the need for
264  consideration in the viewing angle of the Pandora during comparisons within horizontally

265  heterogeneous environments.

266

11
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3.2 New York City
The four NYC flights during AEROMMA passed over or near ten Pandora stations (Fig.

4). The density of the monitors allows us to evaluate the daily and spatial variability of Pandora
HCHO. We use both the tropospheric columns derived from the MAX DOAS mode and the total
columns from the DS scans. We do not analyze NO> because significant spatial heterogeneity in
this domain degrades comparisons. Additionally, the PAA of several Pandoras are pointing away
from the flight path (Table 1), making it difficult to determine whether aircraft-Pandora differences

reflect instrument biases or urban NO» gradients.

b) NYC2
BayonneN]J
VMianhattanN
BronxNY
QueensNY
WestportCT
OldFieldNY
o B NewHavenCT
242 {1 MadisonCT
£3 -“-‘&‘ T el S e e | | oo ‘ - NewLondonCT
9 12:30  13:00 13:30  14:00 14:30 15:00 13:30  14:00 14:30 15:00 15:30 16:00 16:30
Local Time Local Time
4
¢) NYC3 d) NYC4
16:00, :
6:30 3A
)
=)
=)
-’
29
=
=
_ 1
£27H
8= \ a f
5:<0 /] onh Sl o *E{Lfﬁl\ Y e el g
15:30 16:00 16:30 17:00 17:30 18:00 18:30 15:00  15:30  16:00 16:30  17:00  17:30
Local Time Local Time

Figure 4. Flight tracks for NYC1 (20230726), NYC2 (20230728), NYC3 (20230809), and
NYC4 (20230816) colored by observed HCHO. Pandoras are marked as triangles. The
altitude time series is included beneath the flight tracks colored by HCHO. The times and
locations of vertical profiles discussed in sect. 3.2.2 are outlined in black.

Flights occurred within distinct meteorological and air quality conditions. NYC1 and
NYC2 sampled under clear skies and warm surface temperatures (upper 80s to lower 90s F and a
heat advisory during NYC2). Ozone exceedances occurred on both days, and the Air Quality Index
(AQI) was labeled “unhealthy for sensitive groups.” Mean observed HCHO was 2.3 ppb and 2.6
ppb for NYC1 and NYC2, respectively, with the highest mixing ratios over Long Island (LI) in the

12
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285  midafternoon. Observed HCHO varied across the flight track these days (standard deviation 0.94
286  ppb and 0.70 ppb for NYC1 and NYC2, respectively), likely reflecting variability in both VOC

287  emissions and oxidation rates.

288 NYC3 was slightly cooler (temperatures in the mid-80s) with moderate westerly winds and
289  generally clear skies (with a few scattered cumulus in the afternoon). The BL is well mixed with
290 moderate winds of 5-10 kts (10-20 m/s) near the surface (SFig. S7). HCHO mixing ratios were
291  lower and less variable on this day, (mean 1.6 ppb, maximum of 2.6 ppb, standard deviation 0.3

292  ppb). Higher HCHO tends to be located over LI and downtown New York City.

293 There was scattered rain the night before and the morning of NYC4. The skies began to
294  clear in the afternoon, but the domain remained partially cloudy all day, causing the DC-8 to take
295  adifferent path than the previous flights. A stationary front to the south kept winds relatively calm
296  (under 5 kts near the surface; SFig. S7). The mean observed HCHO remained relatively low (1.6
297  ppb) but with more variation than the previous flight (standard deviation 0.63 ppb). The maximum
298  observed HCHO was 3.9 ppb with elevated levels occurring over Manhattan at 2:30 PM local time
299 and over LI in the late afternoon. The AQI was ‘good’ to “‘moderate’ on both NYC3 and NYC4.

300

301 3.2.1 Pandora Tropospheric and Total Column Time Series
302 Figure 5 shows the 30 minute averaged time series of MAX DOAS tropospheric HCHO

303  columns (Fig.5a-d) and DS total HCHO columns (Fig. 5e-h) for the four NYC flight days.
304  Individual stations (colored lines) and the average of all stations (gray dotted line) are included.
305  Continuous data from Pandoras illustrate both the diurnal cycle and spatial variability of HCHO
306  columns across the NJ-NYC-CT domain. These observations provide important insight into the
307  temporal evolution of VOC—NOx interactions throughout the day (Sebol et al., 2024; Singh et al.,
308  2024)

309 There is evident spatial variability in MAX DOAS HCHO on NYC1, NYC2, and NYC4.
310 In contrast, the HCHO columns on NYC3 are lower and are more uniform across all monitors.
311 This pattern aligns with the meteorological conditions on this day which featured moderately

312  stronger horizontal winds and a deeper, well-mixed BL (SFig. S7).
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313 Afternoon enhancements in tropospheric HCHO columns are observed on all days,
314  however, the peak HCHO levels occur at different times across the domain. For example, on
315 NYCI, BayonneNJ reaches its maximum HCHO at 1pm EDT while NewBrunswickNJ, 35 km
316  away, continues to increase until Spm EDT. WestportCT and OldFieldNY, both along the coastline
317  of the Long Island Sound (LIS), remain relatively constant until approximately 2 pm EDT after
318  which HCHO rapidly doubles. These observations highlight the ability of Pandoras to capture
319  detailed temporal and spatial variations in HCHO, particularly near the land-ocean interface. This

320 information complements “snapshot” aircraft measurements.

321 DS total column HCHO exhibits greater variability and more pronounced afternoon
322  enhancements compared to MAX DOAS. On NYC1 and NYC2, MAX DOAS HCHO increased
323  approximately 50% from morning to afternoon, while DS HCHO nearly doubled. Similarly, on
324 NYC3,MAX DOAS HCHO doubled, but DS columns increased by 125%, with greater variability
325  across stations. Despite clear-sky conditions, data gaps are still present in DS mode at certain sites,
326  such as ManhattanNY-CCNY and MadisonCT, due to the higher sensitivity to atmospheric
327 interference. As DS HCHO retrievals have higher uncertainty than MAX DOAS, more data are
328  excluded during data filtering.

329 Limitations of both MAX DOAS and DS HCHO columns are apparent on NYC4, a mostly
330 cloudy day. In the morning (8-12 EDT), when the clouds were most persistent, most data exceed
331  the uncertainty threshold, however some MAX DOAS scans remain. After 12 EDT, once the
332 clouds start to dissipate, all operational Pandoras produce valid MAX DOAS data revealing a
333  strong east-west gradient in HCHO columns. In contrast, DS data were largely unavailable during
334  this day, remaining sparse even after the clouds began to clear. The uncertainty in DS columns

335  even during partial cloudiness makes data interpretation difficult.

336 These results align with the in situ airborne HCHO observations. Spatial variability was
337  greater on NYC1 and NYC2 compared to NYC3, which had a low standard deviation (¢ = 0.32
338  ppb) and a small range (~2 ppb for the flight). An east-west gradient was observed on NYC4, with
339  values of the western being 2-3 times greater than those on the eastern side. From 12:30-18:30
340 local time (the earliest and latest times of flight for this domain), the mean in situ mixing ratios
341  (averaged from the data shown in Fig. 4), MAX DOAS columns, and DS columns are 53% greater
342  on NYCI and NYC2 than on NYC3 and NYCA4.
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Figure 5. MAX DOAS tropospheric column (a-d) and DS total column (e-h) HCHO from
NYC Pandoras on the four flight days averaged to 30 minutes. The individual stations are
colored, and the mean value is shown as the dotted gray line. The hourly domain average
TEMPO HCHO column is included on NYC3 and NYC4 as the solid black line.

The locations of the peak Pandora HCHO generally align with the highest in situ values.
The largest in situ HCHO on NYC1 and NYC2 occurred over LI and downtown NYC around 15
and 16 EDT, respectively. These observations are consistent with elevated Pandora HCHO at
similar times seen at OldFieldNY, WestportCT, and ManhattanNY-CCNY, indicating spatial

consistency between the in situ and ground based spectrometers.

3.2.2 Vertical Profiles
While the DC-8 did not conduct high-altitude profiles over NYC as in the Edwards AFB

case study, partial profiling was carried out on each flight allowing for comparisons with Pandora
MAX DOAS vertical profiles. These times and locations are outlined in black on Fig. 4.

Comparisons are limited to the Pandoras closest to each aircraft profile and those that had valid
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359  longscans (11 or 13 levels). This is not ideal for evaluation of Pandora performance as differences
360 may arise from air mass heterogeneity; however, it provides data for considering differences in
361  vertical profiles. The DC-8 covered the approximate BL over the LIS, LI, and CT on NYC1 and
362  NYC4 spanning from 0.11 to 1.92 km (NYC1) and 0.12 to 1.72 km (NYC4) and over a relatively
363  large horizontal distance. The closest Pandoras to these profiles are OldFieldNY, WestportCT, and
364  NewHavenCT. Spirals were done during NYC2 (from 0.13 to 3.02 km) and NYC3 (0.20 to 2.96
365  km) just west of the MadisonCT Pandora. Due to the height of surrounding buildings in NYC,

366  surface concentrations from Pandoras may be limited.

367 Figure 6a compares partial columns from in situ and Pandora observations. Pandora
368  vertical profiles (taken within + 45 minutes of the aircraft profile time) are integrated over the
369 altitude range covered by each aircraft profile. To highlight relative differences, columns are

370  normalized to the in situ columns values on that day. Figure 6b shows the full vertical profiles.

371 The Pandora columns are greater than corresponding in situ columns (averaged over the
372  same distance) primarily due to greater partial columns in the lower BL. On NYC1, WestportCT
373  1is 52% greater than the in situ column. The vertical profile at this site shows higher Pandora values
374  from the lowest levels up to the BL height, where the difference reverses sign. On NYC4,
375 NewHavenCT is 77% greater. In this case, Pandora values are greater both near the surface and
376  above the BL. On this day, there was a lower, and less defined inversion. Neither the in situ HCHO
377  nor these three Pandoras exhibit a distinct decrease at any altitude, rather they remain relatively

378  constant from 0.12 to 1.72 km.

379 The only case when Pandora column HCHO is lower than the in situ occurs on NYC2
380  where OIdFieldNY is 37% lower. This notable difference may be explained by the viewing
381  geometry of the instrument. The Pandora uses a 38° PAA, facing the LIS, a region which is likely
382  to exhibit lower HCHO concentrations compared to the areas sampled by the DC-8. This highlights
383  how the distance and the heterogeneity of HCHO must be considered.

384 The most direct comparison to in situ data on these four days is on NYC3 with the
385 NewHavenCT Pandora. The DC-8 completed a spiral just west of the Pandora and a single long
386  scan was taken during the given time window. The integrated columns have near perfect agreement
387  (both 5.6 x 10'® molec/m?). Pandora HCHO is greater from the lowest level (0.45 km) to 1 km.

388  From there, the Pandora becomes lower than the in situ profile.
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Figure 6. (a) HCHO partial columns from integrated in situ observations during DC-8
profiles and mean Pandora MAX DOAS scans during the same time frame (+ 45 minutes)
from the nearest operational monitors normalized to the in situ column. Actual column
values in molecules/cm? are included as the white text on the bars. We include 15% error
(shaded red area) representing instrumentation accuracy of the in situ data; uncertainties
for Pandora vertical profiles are not available. (b-e) Vertical profiles of HCHO from the
NYC flights including the airborne in situ data (black solid line) and individual Pandora
profiles (colored lines). Data are binned to 250m (except the NewHavenCT profile on
NYC3). Dotted gray lines denote approximate boundary layer heights based on potential
temperature gradients (not shown).

In an area such as New York City, where there are a variety of primary and secondary
sources of HCHO and land/water meteorological influences there can be a horizontal gradient of
HCHO that must be considered when interpreting Pandora columns. However, the Pandora MAX
DOAS product does depict the day-to-day variability in total column amount, even while not
capturing the precise profile shape, particularly in a deep, well-mixed BL. Future validation efforts
would benefit from direct coordination between flight planners and the Pandora operators. Special

attention in future validation efforts should be given to days with differing meteorological
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407  conditions (BL height, wind patterns, clouds, etc.) to better understand the performance of the

408 Pandora instruments.

409
410 3.2.3 TEMPO
411 Pandora column HCHO can be directly compared to TEMPO satellite retrievals during

412  NYC3 and NYC4. Daily average TEMPO HCHO columns for these two days are shown in Fig.
413  7aand 7b. Just as in Pandora MAX DOAS columns and in situ observations, TEMPO HCHO is
414  relatively uniform on NYC3, with only slightly elevated HCHO over downtown NYC and LI
415  (mean 9.6 + 2.4 x 10'° molec/cm?), while on NYC4 there is greater mean HCHO column with an

416  east-west gradient (12.8 £ 5.0 x 10'°> molec/cm?).

Mean Daily HCHO
Column (molec/cm?)

Number Valid Hours

Percent

50 valid
o Data
08 00 10 1l 12 13 4 15 16 0 09 1 1 12 13 14 15 16 17
Local Time Local Time
417
418 Figure 7. (a,b) Daily average TEMPO HCHO columns for NYC3 and NYC4 from 8-17
419 EDT. (c,d) Number of data points included in the average for each grid box and time series
420 of the percentage of valid data in the domain.
421 The number of valid pixels for each grid point and the total percentage of valid data for the

422 domain are shown in Fig 7c and d. During NYC3, there was never less than 50% available data
423  points until 17 EDT. In the late afternoon a few scattered cumulus clouds formed restricting some

424  data along the CT coast. During NYC4, cloudiness reduced the fraction of valid pixels (> 75%)
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425 until 1 pm EDT. After that, the skies cleared marginally, and valid data increased to nearly 50%
426  for the rest of the day.

427 Mean hourly TEMPO HCHO columns are shown as the solid black line in Fig. 5c,d,g, and
428  h. On NYC4 the mean value represents low-cloud areas only and thus may not be representative
429  of the whole region. The agreement between average Pandora MAX DOAS HCHO columns and
430 TEMPO HCHO columns is within 11% on NYC3. The standardized mean difference (SMD) takes
431  the difference between two means and normalizes based on a weighted standard deviation of the
432  data. In this case, SMD = (.14, indicating a difference of less than one standard deviation. Both
433  products show a similar afternoon increase in time and magnitude. On a clear-sky, well-mixed day,
434  theten Pandoras agree with the mean TEMPO retrievals for this NYC domain. In contrast, TEMPO
435 HCHO is 30 — 40% lower than Pandora DS HCHO across the day of NYC (SMD = 1.3; over one

436  standard deviation difference).

437 The agreement on NYC4 is influenced by the clouds. TEMPO reports twice the amount of
438 HCHO as MAX DOAS HCHO from 8-13 EDT. However, starting around 14 EDT, the agreement
439  between the two datasets improves, with a mean discrepancy of only 11% as data availability
440  increases. At this time, valid TEMPO pixels never exceed 50%, but all 8 operational Pandoras
441  (WestportCT and NewLondonCT were down on this day) have valid data. While TEMPO data
442  lacks complete coverage under partially cloudy conditions, the MAX DOAS, which observes from
443  the bottom-up, still provides valid data based on our filtering assumptions. DS HCHO is typically
444  not valid under even partial cloud cover. Only BayonneNJ and OldFieldNY offer continuous DS
445 HCHO.

446 To provide a more robust comparison, we extend the analysis for the entire month of August
447  2023. Figure 8 shows the correlation between mean hourly TEMPO HCHO and MAX DOAS
448  HCHO (Fig. 7a) and DS HCHO (Fig. 7b) averaged over all stations from August 2nd to August
449  31st for the same NYC domain. For this analysis, we modify the Pandora filtering methodology
450 by not removing data with greater than 30% uncertainty to reduce bias from eliminating low
451  column amounts. We use the Theil Sen regression method where the slope is determined by finding
452  the median of the slopes between all pairs of points (Ohlson and Kim, 2015) which reduces bias

453  from outliers. Table 3 summarizes these statistics.

454
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456 Figure 8. Average TEMPO HCHO column for NYC versus average NYC Pandora MAX
457 DOAS tropospheric column (a) and Direct Sun total column (b) from August 2™ to August
458 31%,2023. Markers are colored by the percentage of available TEMPO data for the domain.
459 Data from NYC3 and NYC4 are outlined as the red X’s and blue crosses, respectively.
460 Theil Sen lines of best fit for all data (dotted) and those with > 20% valid data (solid) are
461 included.
462 All three metrics comparing TEMPO and MAX DOAS HCHO (slope, y-intercept, and R?)

463  improve by removing the cloudiest points or when the fraction of valid TEMPO data across the
464  domain is less than 20%. The cutoff value of 20% was chosen to provide the best correlation while
465  retaining the most data points (SFig. S8). On average, TEMPO HCHO is greater than MAX DOAS
466  HCHO at higher concentrations. The differences between NYC3 and NYC4 are apparent where
467 NYC3 follows the pattern of the clear sky data points and NYC4 has very little correlation to
468  TEMPO. Similarly, removing the cloudiest of data points improves all three metrics for the
469 TEMPO HCHO and DS HCHO comparison. The slope of 0.93 and a higher y intercept of 3.3 x
470 10" molec/cm? indicates a systematic difference between TEMPO HCHO and DS HCHO, not
471  dependent on the magnitude of column HCHO. These results suggest an unidentified source of
472 bias in TEMPO HCHO. According to a priori HCHO profiles provided with the TEMPO retrieval,
473  approximately10-15% of the HCHO column should reside above the ~3 km ceiling of the Pandora
474  MAX DOAS retrieval.
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475

476  Table 3: Theil Sen regression parameters (slope, y-intercept, and R?) corresponding to the data
477  shown in Fig. 8, representing the relationship between TEMPO HCHO and Pandora HCHO. >20%
478  refers to the removal of data points when the fraction of valid TEMPO data across the domain is
479  less than 20%.

TEMPO v MAX DOAS TEMPO v Direct Sun

All >20% NYC3 NYC4 All >20% NYC3 NYC4
Slope 0.63 0.85 0.80 -1.4 0.75 0.97 0.94 -1.4
Y-Intercept

1.2x1015 | 8.0x10" | 9.2x10™ | 2.5x10'¢ | 3.6x10' | 2.0x10"5 | 3.9x10" | 3.1x10'°
(molec/cm?)
R? 0.24 0.66 0.99 0.25 0.32 0.68 0.94 0.35

480

481 4. Conclusions

482 The PGN provides long term, continuous trends of column HCHO and NO,, filling
483  observational gaps in airborne observations and providing information under clouds where
484  TEMPO cannot see. It is imperative to understand the strengths and limitations of the PGN,
485  especially as it is a key component to the TEMPO validation plan and the HCHO products are

486  relatively new and unvalidated themselves.

487 This evaluation includes a vertical spiral conducted by the DC-8 over the EdwardsCA
488  Pandora monitor in southern CA and four flights that took place in and around New York City. We
489  find that integrated HCHO columns are consistent between Pandoras and in situ airborne
490 measurements. However, the shape of the Pandora HCHO profile is biased high near the surface
491 (lower 0.5 km) and then biased low beneath the BL under well mixed conditions as shown in the
492  EdwardsCA case study. This pattern of disagreement also manifests on a well-mixed day in NYC.

493  Work is ongoing in the Pandora group to isolate and correct this artifact.

494 Due to the greater spatial heterogeneity of NO», particularly in urban areas, the comparison
495  between Pandora and other data must be taken with extra care to ensure the same space is
496  measured. The EdwardsCA spiral showed a significant surface enhancement outside the viewing
497  angle of the Pandora but within the horizontal range of the slant columns. Without consideration

498  of the viewing angle, the MAX DOAS NO; in the bottom 0.5 km is 27% lower than the in situ
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499  tropospheric column and 15% greater after removing the enhancement showing a similar altitude
500 discrepancy as in HCHO. However, above this enhancement, the Pandora NO» vertical profile is
501  on average 55% lower than the in situ observations. This issue is likely relevant for comparison of
502  Pandora and TEMPO NOa, especially in urban areas. To mitigate such issues, future validation of
503 TEMPO and Pandora NO; should focus on more homogeneous regions, such as suburban and rural

504 arcas.

505 The day-to-day variability in Pandora HCHO over NYC aligns with the in situ HCHO
506 trends, where the greatest values are observed on the first two flight days. Collectively, the ten
507  Pandoras deployed across NYC effectively represent the relative distribution of HCHO offering
508 context for interpreting air quality conditions and ozone exceedances. Pandoras also provide
509 detailed information regarding spatial and diurnal variations in HCHO, such as differences
510  between urban and coastal sites. The DS HCHO appears to be more sensitive to data availability,

511  particularly under cloudy conditions whereas MAX DOAS HCHO exhibits lower uncertainty.

512 We also compared TEMPO HCHO retrievals to Pandora columns during the AEROMMA
513  time frame. According to the current TEMPO version 3 user manual, data with a cloud fraction
514  above 0.2 should not be used for analysis— a threshold that is more conservative than the 0.3-0.4
515  typically used for other satellites. As a result, data availability is limited under even moderately
516  cloudy conditions. However, there are still continuous MAX DOAS HCHO data under partially
517  cloudy conditions which, being observed from the ground up and through differential slant
518  columns, is not as sensitive to the presence of clouds. When eliminating the cloudy hours (data
519  availability < 20%) the correlation between TEMPO HCHO with Pandora MAX DOAS HCHO
520 (R?=0.65) and DS HCHO (R? = 0.70) improves. The MAX DOAS HCHO has a dependency on
521  the magnitude of HCHO while the DS HCHO appears to have a more consistent high offset to the
522  domain average TEMPO HCHO.

523 Future efforts to validate PGN data would benefit from tight coordination between the
524  flight mission planners and the PIs of the Pandora instruments. While the PGN has guidelines for
525  usage, individual PIs determine the frequency and schedule of each scan mode, complicating
526  consistent comparisons between monitors. For example, some monitors prioritize short MAX
527  DOAS scans over long scans. While this method provides more tropospheric columns to analyze,

528  the short scans provide less detail in the full profiles. A validation plan for the MAX DOAS profiles
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529  must include long scans within 30 minutes of the aircraft profile. The PAA of the Pandoras is semi-
530 fixed and usually chosen to avoid tall buildings or trees that would cause interference. Because of
531 this the viewing angle of the Pandora is not always easy to change. Flight planners for future
532  missions should be aware which angle the Pandoras are pointing to collect data for accurate
533  comparisons, particularly regarding NO,. In the same vein, Pandora site selection might include
534  consideration of air traffic restrictions. Balloon or drone-borne measurements may provide an

535 alternative for less costly and more frequent vertical profile comparison (Bailey et al., 2024).

536 A clearer understanding of the Pandora data quality filtering process and quantitative
537  uncertainties for all data products are also necessary for the broader research community.
538  Currently, there are no official materials offering guidance on this procedure, largely due to the
539  limited number of formal validation studies particularly on the MAX DOAS HCHO and NO; and
540 the DS HCHO products. Robust uncertainty estimates and transparent quality assurance

541  procedures will enhance the scientific utility of these datasets.
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