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Abstract. Due to proceeding climate change, some regions such as California are becoming warmer and drier entailing the risk
that destructive wildfires and associated air pollution episodes continue to increase. November 2018 has turned into one of the
most disastrous months in Californian history with two particularly destructive wildfires raging concurrently through the North
and the South of the state leaving about 1000 km? of land burnt to cinders. Both fires ignited at the wildland-urban interface
causing at least 88 civilian fatalities and forcing the total evacuation of several cities and communities.

Here we demonstrate that the inherent carbon monoxide (CO) emissions of the wildfires and subsequent transport can be
observed from space by analysing radiance measurements of the TROPOspheric Monitoring Instrument (TROPOMI) onboard
the Sentinel-5 Precursor satellite in the shortwave infrared spectral range. From the determined CO distribution we assess the
corresponding air quality burden in Californian major cities caused by the fires. As a result of the prevailing wind conditions,
the largest CO load during the first days of the fires is found in Sacramento and San Francisco with city area averages ex-

3

ceeding boundary layer concentrations of 6 mg m~ and 4 mg m ™3, respectively. For some neighbourhoods in the northwest

of Sacramento national ambient air quality standards (10 mg m~—2 with 8-hour averaging time) are likely exceeded.

1 Introduction

As a consequence of climate change, precipitation and temperature extremes in California during the cool season (October-
May) are occurring more frequently with the dry periods becoming warmer and drier (Swain et al., 2016), which is associated
with an increased fire risk. The wildfire season 2018 has been the most destructive on record with respect to burned land area,
destroyed buildings, and death toll (California Department of Forestry and Fire Protection, 2018). After a series of blazes in
July/August including the Mendocino Complex, the largest wildfire in Californian history, another round of large wildfires
erupted in November, most prominently the Camp Fire and the Woolsey Fire.

The Camp Fire started in the morning of November 8 in Butte County in the North of the state and grew rapidly. It destroyed
more than 600 km?2 of land, almost 20000 structures, and caused 85 civilian fatalities. As a result, it became both California’s
most destructive and deadliest wildfire of all time. Several cities and communities had to be evacuated; the town of Paradise

was wiped out by the fire.
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The Woolsey Fire ignited on the same day as the Camp Fire in the early afternoon near the boundary between Los Angeles
and Ventura counties. It burnt all the way to Malibu engulfing about 400 km? of land, nearly 2000 structures, and killed three
people. The fire forced the total evacuation of Bell Canyon, Malibu, and Oak Park — an unprecedented instance in history.

Smoke from the fires also reached the major cities of the state prompting health warnings and the advice to remain indoors
or wear face masks in certain areas (Sacramento Metropolitan Air Quality Management District, 2018; Bay Area Air Quality
Management District, 2018). The air quality was affected by particulate matter and carbon monoxide (CO), which results from
the incomplete combustion of biomass during wildfires (Yurganov et al., 2005). CO is a colourless, odorless, and tasteless gas
that is toxic in large concentrations because it combines with hemoglobin to carboxyhemoglobin, which cannot effectively
transport oxygen anymore. It plays an important role in tropospheric chemistry being the leading sink of the hydroxyl radical
(OH) and acting as a precursor to tropospheric ozone (The Royal Society, 2008).

The Environmental Protection Agency (EPA) is required to set National Ambient Air Quality Standards (NAAQS) for six
pollutants considered harmful to public health and the environment, including carbon monoxide, by the Clean Air Act. The CO
standards are fixed at 9 ppm (10 mg m~3) with an 8-hour averaging time, and 35 ppm (40 mg m~—2) with a 1-hour averaging
time, neither to be exceeded more than once per year (U.S. Environmental Protection Agency, 2011).

Up to now, the satellite-based analysis of CO emissions from fires was typically focused on midtropospheric CO data, e.g.,
from the Measurement of Pollution in the Troposphere (MOPITT) (Deeter et al., 2018), the Atmospheric Infrared Sounder
(AIRS) (Fu et al., 2018), and the Infrared Atmospheric Sounding Interferometer (IASI) (Turquety et al., 2009) instruments, or
upper-tropospheric CO data from the Microwave Limb Sounder (MLS) (Field et al., 2016). Nearly equal sensitivity to all alti-
tude levels including the boundary layer, where fires are located, was taken advantage of by the Scanning Imaging Absorption
Spectrometer for Atmospheric Chartography (SCIAMACHY) for cloud-free scenes (Buchwitz et al., 2007; Borsdorff et al.,
2018Db).

2 Data and Methods

In this study, we retrieve and analyse carbon monoxide from the radiance measurements of the TROPOspheric Monitoring
Instrument (TROPOMI) onboard the Sentinel-5 Precursor (Sentinel-5P) satellite (Veefkind et al., 2012) using the latest version
(v1.0) of the Weighting Function Modified DOAS (WFM-DOAS) algorithm (Buchwitz et al., 2006; Schneising et al., 2011,
2014) optimised to retrieve vertical columns of carbon monoxide and methane simultaneously (Schneising, 2017).
Sentinel-5P was launched in October 2017 into a sun-synchronous orbit with an equator crossing time of 1:30 p.m. local
time. TROPOMI is a spaceborne nadir viewing imaging spectrometer measuring solar radiation reflected by the Earth in a
push-broom configuration. It has a swath width of 2600 km on the Earth’s surface and covers wavelength bands between the
ultraviolet (UV) and the shortwave infrared (SWIR) combining a high spatial resolution with daily global coverage. The hor-
izontal resolution of the TROPOMI nadir measurements, which depends on orbital position and spectral interval, is typically
7 x 7km? for the SWIR bands used in this study. Due to its wide swath in conjunction with high spatial and temporal resolu-

tion, the observations of TROPOMI yield CO amounts and distributions with unprecedented level of detail on a global scale
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Figure 1. Column averaging kernels reflecting the altitude sensitivity of the retrievals.

(Borsdorff et al., 2018a). The heritage of the TROPOMI approach to retrieve CO and CH4 comes from the SCTAMACHY
project and its observations (Burrows et al., 1995; Bovensmann et al., 1999).

As a result of the observation of reflected solar radiation in the SWIR part of the solar spectrum, TROPOMI yields atmo-
spheric carbon monoxide with high sensitivity to all altitude levels including the planetary boundary layer (see Figure 1) and
is thus well suited to study emissions from fires. In order to convert the retrieved columns into mole fractions, they are divided
by the corresponding dry air column obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF)
analysis. The resulting column-averaged dry air mole fractions are denoted by XCO.

Based on a validation with ground-based Fourier Transform Spectrometer (FTS) measurements of the Total Carbon Column
Observing Network (TCCON) (Wunch et al., 2011), the TROPOMI/WFMD XCO data set is characterised by a random error
(precision) of about 6 ppb and a systematic error (relative accuracy) of about 2 ppb (Van Roozendael et al., 2018).

For the present study a simple quality screening algorithm was implemented excluding measurements not sufficiently char-
acterised by the forward model. It filters out measurements with a CO fit error larger than 10% or radiances in specific strong
water vapour absorption bands (close to 2.4 um) larger than 2.5 times the value, which one would expect for cloud-free scenes.

For land covered cases, scenes with unrealistically low retrieved surface pressure (difference to ECMWF analysis larger than
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300 hPa) are also excluded. As a consequence, high clouds are filtered out, while retrievals over low clouds may still be
tolerated to some degree, thus increasing the number of utilisable scenes.

To get a visual impression of the smoke distribution originating from the fires, so-called true colour images (Red = Band 11,
Green = Band M4, Blue = Band M3) from the Visible Infrared Imaging Radiometer Suite (VIIRS) instrument onboard the joint
NASA/NOAA Suomi National Polar-orbiting Partnership (Suomi-NPP) satellite are used, which show land surface, oceanic
and atmospheric features like the human eye would see them (Hillger et al., 2014).

The TROPOMI CO retrievals are also compared to the analysis of the ECMWF Integrated Forecasting System (IFS) pro-
vided by the Copernicus Atmosphere Monitoring Service (CAMS) (Inness et al., 2015), which assimilates MOPITT and IASI
CO observations (Drummond et al., 2010; Clerbaux et al., 2009) and biomass-burning emissions from MACC’s Global Fire
Assimilation System (GFAS) (Kaiser et al., 2012).

To assess the CO burden in Californian major cities we compute the average total column enhancement (within 20 km
radius around midtown, in units of mass per area) for the first days of the fire relative to November 7, which is considered
as background. It is assumed that the additional CO from the fires is located in the well-mixed boundary layer, while the
remaining upper part of the contaminated profile closely resembles the background profile, allowing to disentangle the near-
surface abundances from the total column measurements. To this end, the total column enhancement is divided by the boundary
layer height obtained from the ECMWF analysis to get the boundary layer concentration anomaly due to the fires (in units of
mass per volume). The areal variation (10) of this anomaly is determined from the standard deviations of the CO columns

measuring the inhomogeneity of the boundary layer concentrations within the respective city area.

3 Results

As a result of the Camp and Woolsey fires ignited on November 8, associated smoke overcast large parts of the state for
days. This can clearly be seen on the VIIRS true colour images in Figure 2. Sentinel-5 Precursor and Suomi-NPP fly in loose
formation, with Sentinel-5P trailing behind by 3.5 minutes, ensuring that both satellites observe (almost) the same scene. Thus,
the corresponding images can be compared directly. Figure 3 shows the XCO distribution over California, which obviously
matches the smoke emission and transport patterns detected by VIIRS unambiguously. This substantiates that the observed CO
enhancements are actually originating from the wildfires.

It is important to note that it can be excluded that the satellite-derived statewide CO column enhancement is only an artefact
as a result of light path lengthening because of aerosol scattering at the particulate matter of the smoke. This is verified by the
fact that the simultaneously retrieved gases, methane and water vapour, are not considerably increased compared to the pre-fire
background abundances; light path related systematic errors would affect all retrieved gases similarly.

For comparison, Figure 4 shows the CAMS near-real-time CO analysis on a 0.75° x0.75° grid for the same days shown in the
previous figures close to the time of the TROPOMI overpass. Although CO emissions from the fires are obviously included in

the CAMS data, the transport patterns and intensity distribution seem to be somewhat different, e.g., abundances on November
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Figure 2. True colour reflectances from the Visible Infrared Imaging Radiometer Suite (VIIRS) for the first days of the fires taken from the
NASA Worldview application.

11 are predicted to be considerably larger than measured by the satellite, whereas they are predicted to be considerably smaller
on November 8.
Averaged boundary layer concentration anomalies of CO (relative to November 7) in major Californian cities during the

first days of the Camp and Woolsey fires are presented in Table 1. The largest values were found for Sacramento and San
3

’

Francisco on November 9 and 10, due to the prevailing wind conditions, exceeding concentrations of 6 mg m ™~ and 4 mg m ™~
respectively, which is about half of the national CO air quality standard of 10 mg m~2. The cities in the South of the state are
less affected owed to more favorable weather conditions.

Although the Sacramento and San Francisco city averages are compliant with air quality standards, the large associated
variations indicate an uneven CO distribution within both towns, in particular for Sacramento. This interpretation is supported
by the CO distribution depicted in Figure 3 showing that the plume’s edge of the Camp Fire is located near Sacramento leading

to a larger burden in the northwest compared to the rest of the city.
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Figure 3. Retrieved carbon monoxide column-averaged mole fractions from TROPOMI for the same days as in Figure 2. Also shown is the

mean wind in the boundary layer obtained from ECMWF data.

Table 1. Averaged boundary layer concentration anomaly of CO (relative to November 7) and associated areal variation (1) in major

Californian cities during the first days of the Camp and Woolsey fires.

November 8 November 9 November 10 November 11

[mgm~™]  [mgm~®]  [mgm~’] [mgm~?]

Sacramento 0.21+0.04 4.80+2.25 6.64+3.93 1.43+0.15
San Francisco  0.67+0.23 4.14£0.86 3.99+£0.94 0.57£0.19

Fresno 0.26+0.05 0.60+0.15 2.024+0.28 1.10+£0.20
Los Angeles 0.32+0.05 0.15+0.09 1.43+0.89 0.43£0.09
San Diego 0.42+0.07 0.25+£0.09 0.234+0.09 0.99+£0.13
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Figure 4. CAMS near-real time CO analysis for the first days of the fires at 9 p.m. UTC (Coordinated Universal Time) corresponding to

1 p.m. local time (Pacific Standard Time).

The largest total column value within all city radii is actually found on November 10 near Sacramento International Airport.
The corresponding spectral fit is shown in Figure 5 demonstrating a massive CO load and that the fit residual is small relative
to the individual scaled derivatives (weighting functions) with respect to all fit parameters including the weak CO absorption.
When compared to a nearby background scene from November 7 (see Figure 6), one finds a considerable column enhancement
of 3.0 gm~2. Given the ECMWF analysis boundary layer height of 171 m, this corresponds to a boundary layer concentration
anomaly of 17.5mgCO m~3. The corresponding enhancement on November 9 at the same location was 2.1 gm~2 with a
boundary layer height of 266 m leading to a boundary layer concentration anomaly of 7.9 mgCO m~3. Thus, it is reasonable
to assume that the national ambient air quality standard of 10 mgCO m~3 was likely exceeded for at least one 8-hour average
in some neighbourhoods in the northwest of Sacramento.

To further assess the described area with significantly increased boundary layer concentrations, we revisit the discussed

contaminated scene near Sacramento International Airport on November 10 and analyse associated results from CAMS and
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Figure 5. Example spectral fit for a contaminated scene (white circle on the map) on November 10 near Sacramento International Airport.
The different colours on the map represent different surface types (United States Geological Survey, 2018). On the left, the measured sun-
normalised radiance (red), the fitted WFM-DOAS linearised radiative transfer model (black), and the resulting fit residual are shown. The
right-hand panels compare the sum (red) of scaled derivative and fit residual to the scaled derivative itself (black) for each fit parameter. The

fit residual is considered small because the red symbols follow the spectral features of the respective black line.
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Figure 6. Background scene on November 7 for the contaminated scene near Sacramento International Airport shown in Figure 5.
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ground-based Quality Assurance Air Monitoring Site Information. For the grid-box comprising the mentioned satellite scene,
CAMS predicts an even larger column enhancement of 7.0 g m~2 corresponding to a boundary layer concentration anomaly
of 34.4mgCO m~3 (boundary layer height of 202 m according to the ECMWF analysis). However, the scene is located near
the bottom edge of the rather large CAMS grid-box expanding further north in the direction of the fire origin. This potentially
explains the large boundary layer concentration.

Ground-based measurements are available from the Air Quality and Meteorological Information System (AQMIS) network
(California Air Resources Board, 2018). Unfortunately, there are only two CO measurement sites in Sacramento County and
data for November 2018 has to be considered preliminary. For the site at Bercut Drive in Sacramento most of the data is missing
during the first days of the fire. The second site at Blackfoot Way in North Highlands is located farther north and closer to the
analysed contaminated satellite scene. This site also exhibits large data gaps for the analysed time period. On November 10,
50% of the hourly data are missing reducing the significance of the daily maximum 1-hour average value, which is stated to be
4 ppm (4.6 mgCO m™3).

Figure 7 shows the boundary layer concentration anomalies of Sacramento and its surrounding districts allowing to get
an overview of the situation by highlighting the locations of the different measurements. As can be seen, the AQMIS site is
located easterly of the satellite scene with maximal city area CO value, where concentrations are beginning to decline steeply.
The corresponding satellite average for the North Highlands site is estimated to be 6.28 & 2.72 mgCO m 2, which is broadly

consistent with the maximal daily value of the ground-based measurements.

4 Conclusions

The local CO emissions of Californian wildfires and subsequent transport can be clearly observed from space. This is a
demonstration of the unprecedented capabilities concerning level of detail modern wide-swath imaging satellite instruments
offer. As large sources are readily detected in a single overpass, new fields of application are enabled, in particular the detection
of emission hot spots or air quality monitoring tasks. The assessment of the air quality burden in Californian major cities during
the first days of the Camp Fire and Woolsey Fire can be thought of as an initial step in this direction.

The analysed fires were the latest episodes of the deadliest and most destructive wildfire season the state of California has
ever faced. Increasing unusual weather conditions with dryness of vegetation on the rise bring deadly fires and associated
air pollution forward. The increasing number of people living in the wildland-urban interface paired with proceeding climate
change entailing longer lasting and more intense fire seasons temper the outlook for the future (Radeloff et al., 2018). Counter-
measures with respect to forest management or building practices and mitigation of climate change will be key challenges of
the century to prevent that fatal blazes and air quality decline establish as the new normal in the Western United States or other

wildfire regions.
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Figure 7. Boundary layer concentration anomalies of Sacramento and its environs determined from TROPOMI CO total column mea-
surements and boundary layer heights from the ECMWF analysis. Highlighted are the satellite scene with maximal city area value
(17.5mgCO m~ 2, red) and the location of the AQMIS site in North Highlands (black). The maximum 1-hour average value of the
ground-based site (4.6mgCOm™>) is colour-coded within the black frame; the corresponding satellite average is estimated to be
6.28 £2.72mgCOm >,

Data availability. The carbon monoxide data set presented in this publication can be accessed via http://www.iup.uni-bremen.de/carbon_
ghg/public_data/tropomi_201811_ca/.
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