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S1. Satellite Retrieval of NO2 and HCHO

We use multi-satellite products of daily tropospheric NO, and HCHO vertical columns
accessed from the QA4ECV project (http://www.qadecv.eu/ecvs). The Differential Optical
Absorption Spectroscopy (DOAS) method has been applied to retrieve NO, and HCHO column
densities from spectral measurements at UV and visible wavelengths.! The retrieval of
tropospheric NO, vertical column includes three steps:?> 1) retrieval of the total slant column
density along the optical path; 2) subtraction of the stratospheric NO; slant column (assimilation
in the TM5-MP model) from the total slant column density;** 3) conversion of the tropospheric
slant column density to vertical column density using air mass factors obtained from radiative
transfer calculations that account for the viewing geometry, a priori vertical profiles of NO>, and
the presence of clouds and surface properties.>> The retrieval of HCHO vertical column also
involves retrieving the slant column and calculating air mass factors.® Improved spectral fitting
algorithms are applied to the retrieval of slant column densities of NO2 and HCHO, which has
been shown to significantly reduce the errors of spectral fitting.” To reduce the latitude-dependent
biases, HCHO slant columns are first adjusted using a two-step normalization with reference to
background columns in the remote Pacific Ocean, where methane oxidation is assumed to be the
only source of HCHO.® The a priori vertical profiles used for HCHO and NO; retrievals are

obtained daily from TM5-MP chemical transport model simulations at 1°x1° degree resolution.*

S2. Gridding of Satellite Products
To grid satellite observations to a regular Cartesian grid, we calculate the area-weighted

average:

(ST)
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where Q; is the retrieved column density of each observation that overlaps with the grid cell x at a
given temporal scale, and w; is the overlapping area. While the target grid is smaller than the
footprint of satellite observation, since the locations of the daily observations shift, a finer spatial
resolution can be achieved by averaging over multiple time periods (a.k.a. spatial over-

sampling).%?

S3. Choice of Resolution

The choice of the coarse and fine horizontal resolution is subjective. To harmonize (Qnoo,
we use 0.125°x 0.125° as the fine resolution, which captures the spatial heterogeneity of NO:
within urban areas.!® After comparing the difference between OMI Qnoz2 and SCIAMACHY Qxo»
at four different coarse resolutions, we selected 2 ° x 0.5° as the coarse resolution at which the
difference is mostly systematic (Figure S1). Furthermore, we do not observe any significant
temporal trends in AQNo02 coarse at 2° x 0.5°, indicating that we can use the long-term climatology

of AQN02_coarse to adjust SCTAMACHY Qno: for the years with no OMI observations.
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Supplementary Figures
OMI - SCIAMACHY
(a) 0.25° x 0.25° (b) 0.5° x 0.5° (c)1°x 0.5° (d)2°x 0.5°
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Figure S1. Difference between summertime average OMI QOno2 and SCIAMACHY Qno2 during
the overlap period from 2005 to 2012 (AQyoz coarse (Xc, M), Equation 2) at multiple resolutions:
(a) 0.25°% 0.25%; (b) 0.5°% 0.5%; (c) 1°x 0.5%; (d) 2°x 0.5".
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(b) SCIAMACHY (c) GOME

NO, Resolution Correction Factor

Figure S2. Resolution correction factor for Ono2 (RCno2) retrieved from (a) OMI, (b)
SCIAMACHY, and (¢) GOME. RCno2 is estimated as the ratio of long-term summertime
average (o> at a fine-resolution (0.125°x 0.125°) to that at a coarse resolution (2° x 0.5°). We

first grid satellite products to fine and coarse resolution grids by calculating area-weighted
averages (Equation S1).
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Figure S3. Year-to-year variability in summertime RCno2 omi for five cities from 2005 to 2012.

The error bars represent the spatial variations within each metropolitan area.
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05 06 07 08 09 10
Temporal Correlation

Figure S4. Temporal correlation (Pearson correlation coefficient R) between RCno2 omr and
RCno2 scia during the overlap period. The temporal correlation is calculated monthly for June,
July and August from 2005 to 2012. White space indicates insufficient data to calculate R value.
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Figure S5. (a) Resolution correction of OMI Qucno (RCucro omi) factor, which is estimated as
the ratio of the long-term summertime average Qucno on a fine-resolution (0.25°% 0.25°) to that
on a coarse-resolution (2° x 0.5%) grid. (b) Difference between summertime average OMI Qncho

and SCTAMACHY Qucro during the overlap period (AQgcpo (xo, m), Equation 8) at (b) 0.25°x
0.25%and (c) 2°% 0.5".
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Figure S6. Same as Figure 1b but plotted with individual panels for seven cities and all sites
combined using three models: (1) moving average (black), (2) 2™ degree polynomial model
(blue), and (3) 3rd degree polynomial model (orange). R is the Pearson correlation coefficient

between predictor and predicted values.

Before 2009

40 L ‘
Los Angeles 4.6 [4.2, 5.1] (20 =2.2)

New York 3.3 [2.9, 3.8] (20 =2.8)
Chicago 3.4 [3.0, 3.9] (20 =2.6)
Washington 3.6 [3.2, 4.2] (20 =0.8)
Pittsburgh 3.9 [3.5, 4.4] (20 =1.4)
Atlanta 3.4 [3.0, 3.9] (20 =4.0)
Houston 3.1 [2.7, 3.6] (20 =2.0)
Overall 3.9 [3.5, 4.4] (20 =0.4)

351

30 A

251 / .

High-O3 Probability (%)

OMI HCHO/NO;

After 2009

Los Angeles 5.0 [4.5, 5.4] (20 =2.4)
New York 3.8 [3.3, 4.2] (20 =1.6)
Chicago 4.7 [4.3, 5.2] (20 =2.6)
Washington 4.9 [4.4, 5.3] (20 =1.4)
Pittsburgh 5.2 [4.8, 5.7] (20 =1.2)
Atlanta: NaN
Houston 3.1 [2.7, 3.6] (20 =4.2)

e Overall 3.8[3.3,4.2] (20 =0.4)

40
35+
30+

25 1

High-O3 Probability (%)

OMI HCHO/NO;

Figure S7. Same as Figure 1b but separated to two periods: before and after 2009.
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Figure S8. Summertime Ono> averaged from 1996 to 2000 over the continental U.S.A. produced
from (a) the harmonized GOME data using our new approach; (b) the original GOME satellite
data.
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Figure S9. (a) Relative changes (%) in summertime average satellite-based Qno2 and the
ground-based NOx measurements in 1996 — 2000 versus 2013 - 2016 for seven cities. Satellite
observations are sampled consistently over the locations with ground-based measurements of
NOx. We only include sites with at least 15 years observations available between 1996 and 2016.
The underestimate of the relative change over Pittsburgh is caused by the low Qno2 in 1999,
likely due to a retrieval issue. (b) Relative changes (%) in summertime average satellite-based
Qucno over urban versus non-urban areas in 1996 — 2000 versus 2013 - 2016 for seven cities.
The error bars indicate the spatial variation within each area. The separation of urban vs. non-
urban areas is based on MODIS land cover type yearly Level-3 data in 2016 at 0.05° degree.!!
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Figure S10. Time series of summertime satellite-based (Qno> (first row) and ground-based NOx
(second row) between 1996 to 2016 averaged for each Core-Based Statistical Area (CBSA).
Satellite observations are sampled consistently over the locations with ground-based
measurements of NOx. We only select sites with at least 15 years of observations available
between 1996 and 2016. The error bars show the spatial standard deviation across the region.
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Figure S11. Same as Figure 2 but for 2001 — 2004, 2005 — 2008, 2009 — 2012.
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Figure S12. Time series of summertime satellite-based Qucno between 1996 to 2016 averaged
for each CBSA. The error bars show the spatial standard deviation across the region.
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Figure S13. Maps of relative change in summertime isoprene emissions between 1996 — 2000
and 2013 — 2016. The isoprene emissions are generated with GEOS-Chem 12.3.0 using
MEGAN?2.1 driven by the MERRA2 meteorology at 0.5 ° x 0.625° resolution!>!3. The data are
accessed from

http://geoschemdata.computecanada.ca/ExtData/HEMCO/OFFLINE BIOVOC/v2019-10.
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Figure S14. Time series of summertime satellite-based HCHO/NO; between 1996 to 2016
averaged for each CBSA. The error bars show the spatial standard deviation across the region.
The pink bars indicate the transitional regimes derived from Figure 1b.
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Figure S15. Weekday-to-weekend difference in AQS observed summertime average O3
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(weekend AO3) in seven regions at high temperature (> median summer average temperature)
during five periods 1996 — 2000, 2001 — 2004, 2005 — 2008, 2009 — 2012, 2013 — 2016). Sites
with p<0.1 are labeled with stars, otherwise circles.
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Figure S16. Same as Figure 5(b) but for moderate temperature (< median and higher than 18 C).
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Figure S17. Weekday-to-weekend difference in average summertime temperature (weekend
Atemperature) in seven cities during five periods sampled over the ground-based sites. We use
North American Regional Reanalysis temperature data at 10m.!'#
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