Comparison of gas columns retrieved by TEMPO and Pandora — ASDC tools, results, and new development

I
)

EARTHDATA

1) Adnet Systems, 2 Booz-Allen and Hamilton, Inc., 3) Atmospheric Science Data Center,

Introduction

Monitoring emissions of nitrogen dioxide and
impacts on air quality and dlimate. This study from space- and
the main goals of (1) presenting programmatic tools comparing those retrievals and (2) evaluating the accuracy of
retrievals by Tropospheric Emissions: Montoring of Pollution (TEMPO) [1],  new mission with data made publicly
available in May 2024 via the U.S. National A d Space (NASA's) Earthdata.

Instruments and data

The Tropospheric Emissions: Monitoring of Pollution (TEMPO) nstrument s a grating spectrometer, sensitive to visible
and ultraviolet light wi ectral ranges of 290-490 nm and 540-740 am and 0.6 nm spectral resolution. The TEMPO
nsrument s aboard the Earen facing side of a commercial ions satellite (Intelsat 40¢) in

orbit over 91° W longitude. This positioning allows TEMPO to maintain a continuous view of North America and TEMPO's
Yight collecting mietorcan complete hourly st to-west scans of the feld of egard during daylight hours, Hgh resoution
measurements of radiance reflected by the Earth's back to the i ble retrievals of

columns of ozone, nitrogen dioxide, and formaldehyde, each of which play important roles in the chemical dynamics of
Earth's atmosphere [2]. The retrieved columns are stored as Level 2 (used in this presentation) and 3 granules.

is crucial for i i ition and its

Mission objectives for TEMPO involve understanding the dynamics of ir qualt, polution sources, and thefr impact on
climate change. By providing near real-time data and TEMPO
will assist scientists in studying pollution patterns, evaluating the efficacy of environmental policies, and predicting future
trendsin air quality.

ated aneffort a Goddard Space Flight Center (GFSC) to develop a cost-effective, compact,easy to

i system capable of p  moon, and sky
observations called “Pandora”. Pandora has continuously evolved since then vith support from NASA and the European
Space Agency (ESA) and has been manufactured by SciGlob LLC, Elkridge, MD, USA since 2010. Soon thereafter Pandoras
were distributed around the globe to form a validation network. In 2013 ESA joined NASA in funding this development
through prime contractor LuftBlick OG, Innsbruck, Austria. Since 2018, this network i called “Pandonia Global Network”
(PGN) and aims to ensure systematic processing and dissemination of the data to the greater global community in support
of air quality monitoring and satellite validation. The PGN is a federation carried out jointly by NASA and ESA as part of
their “Joint Program Planning Group Subgroup” on calibration and validation and field activities [3]. Pandora data include
retrievals of NO, and HCHO total and tropospheric columns. This study uses Level 2 versions of these data products.
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Figure 1. Hourly timeseries of Pandora NO, and HCHO columns (left, blue) and those column within the running
window (right, blue) used to compute average column at a random time of interest (cyan), see Eq. (1)
Measurement weights are shown in green.
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Temporal features of Pandora retrievals

Temporal resolution of TEMPO varies with the rate of scanning, e.g., there are granules with timestamps
20230827T2144347_5028G01and 20230827T215527Z_S029G01 covering the same part of North America within 11
minutes; however, nominal temporal resolution is 1 hour, e.g., granules 20240827T2026152_5011G08 and
20240827T2126157_5012G08 also cover the same area. From Pandora, there may be tens of measurements per hour.
The frequency of measurements depends on the product. Left panels of Fig. 1 show measurements of different trace.
gases within an hour interval. While direct comparison of non-simultaneous measurements from TEMPO and Pandora
gives some qualitative understanding of their differences, it is highly desirable to bring them to the same timesin a
plausibly realistic way accounting for the volatile nature of the gas columns. This study proposes the use of “running
window” ge like weights as described in Eq. (1):

— 2 — o\t
= Y xen,0), w(tm,t):exp[*%](z“p[f%D .

where sums are taken over times £, Within 5,55, from the target time of interest # The temporal
features of Pandora retrievals are accounted for by selection of product-dependent values of G'and 8t,.., see Fig. 1.

Co-locating Pandora stations and TEMPO pixels

Trace gases columns may vary by an order of magitude between neighboring pixels, see Table 1. For this reason, instead
ofusinga v \ges TEMPO retrievals from 4 pixels surroundi ig. 2.
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Results: total nitrogen dioxide column
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Results: total formaldehyde column
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Figure 3. Comparison of TEMPO and Pandora timeseries of NO; total column at original times (left) and with ot_HCHO_col unc 20240501 20240531 {0t_HCHO_col unc noneg 20240501 20240531
Pandora measurements averaged to coincide with TEMPO times (right). These two figures permit a qualitative e WashmqmnDc, 038.9218N 077.0124W. 116 Wasn ingtonDC, 038.9218N 077.0124W

sense of the comparison, but quantitative comparisons are aided by the scatter plots and analyses below.
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Python notebooks’ structure and output gos Bos
ASDChas crested python notsbooks 4] comparing O tota, N0y ttal HOHO totl,and N0y roposphric columns rom Eos Eoe
dora retrievals. g necessary d setting up access to E 3
NASA's Earthd: ata, Ihs nuIebooks perfurm the following steps: Soa Goa
1) Available Pandora stations are list, and the user is prompted to select one of them; ® ®
2) Appropriate Pandora data product is downloaded; 02 o2
3) Useris prompted to enter a timeframe of interest; H e TR [ & syt
4) Pandora data fileis read within the timeframe to form a timeseries of columnar retrievals with high quality flags; e P e —
5) fopropriste T:Mpcng;anuleszlsnginm the timeframe and covering the Pandora location are found and downloaded TEMPO NO2 column, moleculesicm=2 16 TEMPO NO2 column, moleculesicm=2  1e16
v means of the earthaccess library; 402 col unc oneg 20230501 20220830 NOZ col_unc 20230901 20230930
6) The TEMPO granules are scanned for pixels surrounding the Pandora station, see Fig. 2. Retrievals from those pixels e s iakeciyl 040.7665N 11,6478 e salnnkzcmyur 40.7663N 111.8478W

are averaged while accounting for the quality flags (retrievals from low and bad quahly pixels are discarded); results of
this step are written into an ASClI file to avoid control;

7) Timeseries from both instruments are plotted and saved;

8) Pandora retrieved columns are averaged to the TEMPO times of observation (please bear in mind that some TEMPO
times may not have corresponding Pandora averages due to limitations of Eq. (1);

9) Scatter plots showing Pandora vs TEMPO and a regression analysis are created and saved.

Note 1: 0_NO2_L2_V03 granules do not have a variable for total NO; column in their /product group. Instead,

the User Guide [5] recommends adding up vertical_column_stratosphere and vertical_column_troposphere datasets

from that group. Moreover, the use of /suppc(l data/vertical_column_total varizble is depreciated by the User Guide. A

potent with y of vertical_column_s

uncertainty of the total column is that of tmpnsphent column.

Note 2: TEMPO scienceteam recommendations on the use of quaity flags ko can be found inthe User Guide 5L

Note 3: Since TEMPO retrievals can be negative, see Table 1, three sets of high quality (HQ)
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Pandora NO2 column, molecules/cm~2
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and analyzed: (1) all HQ, (2) positive only HQ, and (3) HQ retrieval greater than corresponding uncertainty. The last one is
accumulated to check whether removal of “white noise” can improve match between the instruments.

Future updates and improvement

The current Python notebooks enabling interactive comparison of TEMPO and Pandora retrievals of trace gases columns
were created based on V03 of the TEMPO products. The next version of the product is avalable from September 16,
2025. The TEMPO Science Team is currently performing backward re-pr g of the pr a

into version V04 products. Both versions are currently available via the NASA Earthdata site.

While modification of the notebooks to accommodate the new versions is straightforward, ASDC s currently working on
another known issue with the current notebooks - they download whole granules of the products while a small portion of
available variables is needed and a tiny geographic subset of a granule. Downloading of what is needed instead of what is
available can be achieved by using the L2 subsetter [6]. Though subsetting on the data provider side takes some time,

significant reduction of Il acceleration of The of
the notebooks are currently under development.
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Figure 4. Scatter plots of nitrogen dioxide total columns retrieved by TEMPO and Pandora (official data from all
3 stations), showing all high quaity (let) and positive-only, high quality (1ight) retrievals. Green dashed, red
dash-dot, and red dashed lines indicate 1:1 reference, “no-intercept” regression, and general linear regression
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Figure 6. The same as Fig. 4, but for formaldehyde total columns, Pandora data from both stations are oficial

Results: tropospheric nitrogen dioxide column
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Figure 7. The same as Fig. 4, but for nitrogen dioxide tropospheric columns. Official Pandora data from both
stations.

Conclusion

Python notebooks enabling interactive comparison of TEMPO and Pandora retrievals of trace gases columns were created
and made N Center (ASDC) GitHub page.

Limited resuits included in this presentation show reasonable match between total nitrogen dioxide and total
by TEMPO and Pand ercept of the general linear

confirm the visually app f louds of data points in
plots, Le. these the two instruments are p Flemcvalofphysncally
slightly i jucing intercepts
movlng slopescloserm "1 but ths doss not elminate discrepancie. 1t was aso found that discrepancies between au
trace from Pandora and TEMPO are site-dependent. NO, tropospheric

Cotumns from TEMIPO and PANDORA are barely correlated with noticeable overestima
optimization of the notebooks with the use of data sub-setter constitutes future work.

n by TEMPO. Further



